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ABSTRACT
Remedial alternatives for arsenic impacted ground water at a former insecticide manufacturing
facility are developed and analyzed in this thesis. Five remedial technologies are evaluated,
including conventional pump and treat, monitored natural attenuation, soil flushing,
electrokinetics, and in-situ fixation. Twelve case studies of arsenic impacted sites are developed
from telephone interviews with USEPA remedial project managers. Each of the five remedial
alternatives studied in this thesis has been implemented at one or more of the case study sites. At
the present time, only one of the sites has requested site closure suggesting that currently
available technologies are not efficient at attaining remedial goals.
A comparative ground-water flow and solute transport model is constructed to simulate two base
case remedial scenarios, pump and treat and monitored natural attenuation. Computer memory
limitations only allow the model to simulate 275 years of solute transport. Therefore, regulatory
standards were not achieved during model simulations. Geostatistical methods such as universal
kriging and variogram analysis are used to analyze and develop a geostatistically accurate
representation of site-specific data. Evaluation of a site-specific laboratory adsorption study
indicates that sorption is overestimated by the calculated partitioning coefficient. Using the
comparative model, site-specific retardation is re-estimated to lie between 20 and 30. The total
mass of aqueous arsenic present at the site is estimated to be approximately 70 pounds and the
total sorbed mass is estimated to be bound between 1400 pounds and 2170 pounds.
The feasibility of all remedial scenarios is evaluated using criteria specified by the USEPA. A
site-specific comparative analysis of alternatives indicates that monitored natural attenuation is
the most appropriate remedial approach to manage arsenic impacts at the site. Potential risk
associated with arsenic impacts at the site is relatively low because there is a lack of receptors for
impacted ground water. Other remedial technologies are met with significant implementation
problems such as property access restrictions, incompatibility with future remedial plans at the
site, and high costs. Unsuccessful performance records for other technologies as described by
the case studies lead to pessimistic outlooks for successful remediation at the site using the same
technologies.
Thesis Supervisor: Charles F. Harvey
Title: Assistant Professor of Civil and Environmental Engineering
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1. Introduction
This thesis presents the findings of a study conducted to evaluate the current status of treatment
technologies available for arsenic impacted ground water. This study identifies engineering
factors that need to be considered before choosing a course of remedial action for a site impacted
with arsenic. These factors are then applied to evaluate remedial alternatives for a site affected
by residual arsenic impacts. The United States Environmental Protection Agency (USEPA)
suggest to perform a Remedial Alternatives Analysis (RAA) to evaluae remedial alternatives.
This RAA is conducted in accordance with USEPA's "Guidance for Conducting Remedial
Investigations and Feasibility Studies Under CERCLA" (USEPA, 1998).
1.1 Problem Statement
Investigation of a former insecticide manufacturing facility revealed residual arsenic in the
ground water from arsenic based insecticide manufacturing prior to 1946. The development of a
method to evaluate the remediation of arsenic in ground water is required. This method will be
tested through its application to the insecticide manufacturing facility site. The following six
objectives need to be completed as the next step in the environmental investigation and
remediation of the site:
i. evaluate the chemical and geochemical processes affecting the transport, fate, and
remediation of arsenic in ground water;
ii. identify technologies available to mitigate arsenic impacts to ground water;
iii. evaluate the effectiveness of select technologies;
iv. evaluate likely ground-water flow pathways for arsenic migration and predict
areal distributions and magnitude of arsenic impacts;
v. evaluate the feasibility of applying identified technologies to the site; and
vi. propose a remedial strategy and technical approach for the site.
1.2 Motivation
The USEPA lists arsenic as a priority pollutant because arsenic can cause detrimental human
health effects. As a result of classification as a hazardous substance, federal and state regulatory
agencies require cleanup of arsenic to a level that protects human health and the environment and
meets applicable or relevant and appropriate requirements (ARARs).
Arsenic exists at the site above the state specified ground-water quality standard (GWQS), 0.008
milligrams per liter (mg/L), warranting remedial action. The goal of this remedial action is to
reduce the potential health risk associated with arsenic impacted ground water. One method to
minimize the potential health risk would be to restore the aquifer below the site to the GWQS. It
should be noted that due to the high sorptive capacity of the overburden in the vicinity of the site,
evaluating treatment technologies to achieve this concentration in ground water requires analysis
of the technology's ability to address arsenic bound to soil in the saturated zone as well.
Effective risk management may also be accomplished through reducing arsenic mobility or
availability. Institutional controls are another available option to limit risk associated with
arsenic impacted ground water. Because several remedial alternatives exist to manage potential
8
risk and they vary in effectiveness, this RAA is a required step to choose the most appropriate
remedial alternative to facilitate compliance with ARARs.
1.3 Approach
This RAA is divided into two parts:
i. a literature review; and
ii. development/analysis of remedial scenarios.
A literature review was conducted to research arsenic geochemistry, identify technologies, and
benchmark effectiveness of technologies. Sources of information include:
i. textbooks;
ii. government documents;
iii. internet databases [e.g. Ground Water Remediation Technologies Analysis Center
(GWRTAC) and Clean Up Information (CLU-IN)];
iv. journal articles; and
v. personal communications with USEPA Remedial Project Managers (RPMs).
During the second phase of this project, literature review results and site-specific information
were used to develop remedial scenarios for the site. A comparative ground-water flow and
solute transport model was created to simulate two base case remedial scenarios, pump and treat
and monitored natural attenuation (MNA). The feasibility of all remedial scenarios was
evaluated using the following seven criteria:
i. overall protection of human health and the environment;
ii. compliance with ARARs;
iii. long-term effectiveness and permanence;
iv. reduction of toxicity, mobility, or volume;
v. short-term effectiveness;
vi. implementability; and
vii. cost.
Results of this feasibility study were used to develop a remedial plan for the site.
1.4 Report Organization
The following sections of this report discuss the findings of the study described above.
Background information including a site description, a discussion of arsenic geochemistry, and a
summary of human health effects from arsenic ingestion is presented first. The background
information is followed by results of the literature review including descriptions of identified
technologies and research/field applications of technologies. Section four describes the
comparative ground-water flow and solute transport model including associated analyses and
Section five presents results of the site-specific feasibility evaluation. Finally, a plan of
implementation is presented that summarizes the suggested course of remedial action and
identifies data gaps.
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2. Background
The following two sub-sections provide a description of the site and general arsenic information.
2.1 Site Description
The following description of the site is subdivided into three sections including site history, site
geology, and site hydrogeology. Figure 1 presents a site map including the locations of on-site
monitoring wells.
2.1.1 Site History
A manufacturer of arsenical insecticides occupied the site from 1919 until 1946 when it was sold
to an interim owner. The current owner purchased the site in 1962. Since its purchase, the site
has been inactive, except for environmental investigation and remediation. The source of arsenic
is attributed to wastewater disposal by the original owner.
In December 1985, a magnetic survey was conducted at the site (BCM, 1991). Subsequent
investigations included installation of test pits and soil borings, and resulted in the discovery of
several dry wells and the discovery, delineation, and characterization of a white material
containing arsenic.
Soil excavation conducted at the site in 1989 removed 17,320 tons of soil (BCM, 1990). The
white material and underlying soils were excavated to an agency-approved depth of 9 feet (ft)
below ground surface (bgs), and three dry wells were also excavated to an agency-approved
depth of 25 ft bgs. The deep excavations were backfilled with a low hydraulic conductivity clay
from 25 ft bgs to 9 ft bgs, and the entire remaining 9 foot deep excavation was backfilled with
certified clean fill (BCM, 1991).
Twenty-six ground-water monitoring events have occurred at the site since 1989. A semi-annual
ground-water monitoring program is currently being conducted with the following objectives:
i. monitor ground-water quality for select constituents as required by the oversight
agency;
ii. evaluate current ground-water quality relative to regulatory criteria and historic
monitoring results to identify changes; and
iii. provide recommendations to improve the effectiveness of the monitoring
program.
The most recent ground-water monitoring event completed in 1999 and a hydropunch analysis
performed to delineate downgradient arsenic impacts are discussed in Section 2.2.
2.1.2 Site Geology
The two main types of geologic formations beneath the site are a relatively thick sequence of
unconsolidated sedimentary deposits and the bedrock. The overburden deposit is a
10
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heterogeneous mixture of sediments deposited during the glacial and inter-glacial periods of the
Pleistocene. These deposits range in size from sands and gravels to silty clays. The upper
portion of bedrock in the vicinity of the site consists of fractured, interbedded sequences of
massive sandstones, conglomerates, siltstones, and shales (BBL, 1996).
Figure 2 shows the topology of land surface and identifies several relatively deep bedrock
valleys that characterize the regional geologic setting near the site. A prominent valley extends
in a roughly northeast-southwest direction, with its axis located slightly east of the site at an
elevation of approximately -60 ft mean sea level (MSL). This valley steepens to the northeast to
a minimum elevation of approximately -220 ft MSL. A bedrock-surface ridge is located to the
east and south of this valley, which has a maximum elevation of approximately MSL directly
east of the site. A second bedrock valley occurs on the eastern side of the ridge which trends in a
northerly direction where it coalesces with the valley located east of the site. Sediment thickness
within the overburden displayed on Figure 3 cross sections range from lows of approximately 10
to 15 ft near bedrock ridges to high on the order of 220 ft within the bedrock valleys (BBL,
1996).
Figure 3 indicates that bedrock beneath the site extends from an elevation of approximately MSL
downward to a minimum elevation of approximately -50 ft MSL at the eastern property
boundary. Overburden sediment thickness ranges between approximately 60 and 110 ft and
consists of alternating sequences of sand and gravel with minor and variable quantities of silt and
clay. The uppermost portion of bedrock beneath the site consists of weathered shale with the
extent and depth of weathering variable across the site (BBL, 1996).
2.1.3 Site Hydrogeology
Regional hydrogeologic conditions are such that ground-water flow patterns are strongly
influenced by:
i. topographic effects, particularly with the prominent and localized topographic
ridges which serve as ground-water divides;
ii. geometric relationships between the overburden and bedrock surface; and
iii. hydraulic head differences between the overburden and uppermost bedrock (BBL,
1996).
Evaluating the relative importance of these influences in the vicinity of the site is a major
component of understanding the ground-water flow patterns.
2.1.3.1 Overburden Hydrogeology
Ground-water flow within the glacial overburden appears to be controlled largely by land surface
topography, sediment composition, and the thickness of sedimentary formations relative to the
undulating bedrock surface. Limited quantities of ground water have been withdrawn for
domestic and industrial uses in the site vicinity. A well search of the area indicated that no major
water withdrawal wells (>100,000 gallons per day) are located within the overburden within one-
mile of the site (BBL, 1996).
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Figure 4 presents a map of the water table based on ground-water elevations measured in on-site
monitoring wells. The water table is inferred to slope toward the east with a horizontal hydraulic
gradient of approximately 0.008 ft/ft. Figure 4 suggests an easterly ground-water flow direction
across the site, but it is reasonable to infer that regional shallow ground-water flow will be
oriented toward the south and southeast, owing to the presence of the tributary valley of a nearby
river, and the topographic ridge/drainage divide located farther east (BBL, 1996).
Estimates of hydraulic conductivity within the overburden deposits beneath the site were made
through single-well aquifer tests (slug tests) and pumping tests (BCM, 1992 and BBL, 1998).
Results of these tests indicate hydraulic conductivity ranges between approximately 0.3 ft per
day (ft/d) and 101 ft/d. This range in values appears representative for the area as a whole,
considering the relatively wide range in texture and composition typical of glacial deposits.
2.1.3.2 Bedrock Hydrogeology
Ground-water flow within bedrock is structurally controlled by fracture and joint patterns.
Transmissivities of the uppermost bedrock aquifer have been reported to range between
approximately 15,000 to 25,000 gallons per day per square foot (gpd/ft2) (BBL, 1996).
Potentiometric maps of the upper bedrock aquifer, based on water levels collected during the
1950s and 1960s (BBL, 1996) indicate the presence of a cone of depression located to the
northeast of the site, and a northeast-southwest trending "ridge" within the piezometric surface.
More recent water-level data for bedrock wells, obtained from agency well reports and United
States Geological Survey monitoring wells in the vicinity, suggest a similar orientation for the
piezometric surface within the uppermost bedrock aquifer. It should be noted, however, that the
recent water level data are limited.
Site-specific evidence shows a low permeability layer of weathered bedrock separating the
bedrock and overburden aquifers. This layer is composed of saprolite. Saprolite is a clay rich
decomposed rock formed in place by weathering of competent bedrock (Latimer and Jackson,
1984). Saprolite in the vicinity of the site was formed from shale and sandstone bedrock that has
expanded from its original consolidated state after glaciers melted and released significant
confining pressure. The reduction in confining pressure allowed the shale and sandstone to
degenerate to its original clay, significantly reducing secondary porosity (fractures and joints).
Because hydraulic conductivity in the bedrock is controlled by secondary porosity a significant
reduction in hydraulic conductivity is also observed.
2.2 Arsenic Information
The following sections provide background to the behavior of arsenic. Presented first is a
summary of the detrimental human health effects of arsenic. The geochemistry of arsenic is then
discussed followed by a site-specific discussion of arsenic behavior.
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2.2.1 Human Health Effects of Arsenic
USEPA regulations require the concentration of arsenic in drinking water to be below 50 mg/L.
Due to recent concerns regarding arsenic toxicity, USEPA was expected to lower the standard
below 20 mg/L; however the exact level is currently under debate. An understanding of potential
health effects can be helpful to recognize why this remedial study was conducted.
The toxicity of arsenic has been known since ancient times. Arsenic has no taste or odor,
making it extremely effective in large doses as a lethal poison. Acute exposure (high
concentrations over a time period on the order of days) to arsenic can cause death. The lethal
dose of arsenic is generally accepted to be 2 mg of arsenic per kilogram per day (mg As/kg/day)
(Chou et al., 1993). Acute exposure below the lethal dose is frequently followed by severe
gastrointestinal irritation including nausea, vomiting, diarrhea, and abdominal pain.
Recent research regarding chronic exposure to arsenic is abundant. Chronic adverse human
health effects may not occur for years after exposure and may not be as dramatic as those
encountered from acute exposure. There is clear evidence supporting a casual relationship
between chronic arsenic exposure and Blackfoot Disease (Chou et al., 1993). Symptoms of
Blackfoot Disease include loss of circulation in hands and feet, ultimately leading to necrosis and
gangrene. Keratoses, hyperpigmentation, and carcinomas are common occurrences and often
evolve into skin cancer (Goyer, 1999). Other common types of cancer observed after long
periods of chronic exposure are lung cancer, angiosarcoma of the liver, prostate cancer, and
bladder cancer (Goyer, 1999). Chronic exposure can also cause adverse effects on blood cells
including anemia and leukopenia.
2.2.2 Arsenic Geochemistry
The geochemistry of arsenic depends on many factors including the presence of suitable surfaces
for sorption, aquifer pH, and aquifer oxidation state. Arsenic in the environment predominantly
exists in two oxidation states, arsenic(V) and arsenic(lI). Under oxidizing and basic conditions,
arsenic(V) will be the dominant species. Reducing conditions will force arsenic to exist as
arsenic(III). Effects of aquifer pH and oxidation state on arsenic speciation are graphically
represented on Figure 5. It should be noted that aquifer conditions describing a point on Figure 5
do not specify that all arsenic exists as the indicated state. Figure 5 is meant to establish
"predominance areas" where the majority of the arsenic present will exist as the designated
species (Masscheleyn, 1991).
The primary influence on the mobility of arsenic under oxidizing conditions is the adsorption of
arsenic(V) onto metal oxyhydroxide surfaces (Deutsch, 1997). If the adsorption capacity of the
metal oxyhydroxide surfaces is not exceeded, arsenic(V) will be strongly retarded (Deutsch,
1997). It is also possible for arsenic to become immobile if sulfide is present and reducing
conditions become low enough to precipitate arsenic as sulfide minerals (Deutsch, 1997).
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Figure 5: Effects of Aquifer pH and Oxidation State on Arsenic Specition
(Source: Masscheleyn, 1991)
Metal oxyhydroxides have less of an affinity for arsenic(III) than for arsenic(V) and thus
arsenic(III) may be more mobile (Deutsch, 1997). The increased solubility of metal
oxyhydroxides under reducing conditions adds to the mobility of arsenic(III) because the
solution of the metal oxyhydroxides decreases the available surfaces for sorption (Deutsch,
1997). The quantity of available surfaces for sorption may also be decreased by the presence of
chromate, phosphate, and sulfate (USEPA, 1997). For example, phosphate strongly competes
for sorption onto metal oxyhydroxides and can reduce arsenic adsorption by soils (Deutsch,
1997). Arsenic may move through the aquifer even though it is sorbed onto aquifer material.
Arsenic sorbed to colloids (particles having a diameter in a range from 1 to 1000 nanometers)
such as metal oxyhydroxide can be mobile in sand and gravel not containing a fine-grained
fraction (Domenico and Schwartz, 1990).
2.2.3 Extent of Arsenic Impact
Results from various investigations indicate that arsenic impacts to ground water reflect the
result of wastewater discharges to dry wells formerly located at the site (BBL, 1996). This
conclusion is supported by analytical data indicating greater arsenic concentrations
(approximately 33 mg/kg to 64 mg/kg in the saturated zone soils) at depths of approximately 30
ft bgs compared to lower arsenic concentrations (approximately 0.6 mg/kg to 20 mg/kg) detected
in samples from the shallow vadose zone (approximately 0.5 to 5 ft bgs). Samples taken
between these two intervals at approximately 5 to 30 ft bgs have contained concentrations less
than 20 mg/kg.
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In 1999 filtered and unfiltered ground-water samples from nine monitoring wells in the shallow
part of the overburden (W-5, W-6, W-7, W-8, W-9, W-12, W-14, W-15 and W-19), and three
monitoring wells in the deep part of the overburden (W-6D, W-7D, and W-14D) were analyzed
for arsenic. The following discussion and Table 1 below present a summary of results describing
the current extent of ground-water impacts.
Arsenic was detected above the GWQS of 0.008 mg/l in both the filtered and non-filtered
samples collected from six of the nine shallow overburden monitoring wells (W-6, W-7, W-8,
W-9, W-15, and W-19), ranging from 0.123 mg/l (W-8) to 10.2 mg/l (W-19). This is consistent
with historic results indicating that arsenic concentrations in wells W-5, W-12, and W-14 are less
than GWQS, while well W-19 records the highest arsenic concentrations. Arsenic
concentrations in samples from wells monitoring the deep part of the overburden were at least
one order of magnitude less than arsenic concentrations in samples from wells in the same
cluster that monitor the shallow overburden, suggesting that arsenic concentrations attenuate
vertically. It is also important to note that transport of arsenic into the bedrock aquifer is not
likely to occur for the following two reasons:
i. the relatively impermeable saprolitic layer of weathered bedrock described in Section
2.1.3.2 prevents arsenic penetration; and
ii. the bedrock aquifer is semi-confined supporting an upward hydraulic gradient
between the bedrock and overburden aquifers.
This conclusion is supported by analytical results of a sample drawn from a process water
production well drilled into bedrock approximately 600 ft downgradient from the site.
Table 1: 1999 On Site Ground-water Monitoring Results
Well ID Non-Filtered Arsenic Field-Filtered ArsenicConcentration (mg/L) Concentration (mg/L)
W-5 ND ND
W-6 2.160 2.000
W-6D 0.157 0.160
W-7 1.160 0.260
W-7D 0.040 0.046
W-8 0.206 0.171
W-9 0.122 0.123
W-12 0.002 ND
W-14 ND ND
W-14D ND ND
W-15 1.090 0.866
W-19 10.800 10.200
ND - Arsenic not detected
Due to consistent results indicating the highest concentrations of arsenic in the furthest down-
gradient well (W-19), investigations were conducted further downgradient to obtain information
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about the distribution of arsenic. These investigations include a hydropunch sampling program
and downgradient installation of three piezometer clusters.
Three series of samples were collected on the adjacent, downgradient property and designated as
A-1 through A-5, B-1 through B-5, and C-1 through C-5. The "A" series of sampling locations
are located approximately 60 ft downgradient of the site property line. The "B" series of
sampling locations are located approximately 150 ft in the downgradient direction from the "A"
series. The "C" series of sampling locations are located along the eastern boundary of the
adjacent property, which is approximately 320 to 475 feet in the downgradient direction from the
southeastern property line of the site. Figure 6 shows the location and analytical result of each
hydropunch sample. Figure 6 also includes analytical results from the September 1994
monitoring event.
Three piezometer clusters were installed at downgradient distances of approximately 600 ft;
2,000 ft; and 2,600 ft. Analytical results from two sampling efforts conducted in 1999 are shown
in Table 2. The arsenic concentration in all samples is below GWQS indicating that lateral and
horizontal extent of arsenic impacts in ground water do not extend to the locations of these
piezometer clusters. These samples were collected and analyzed approximately 53 years after the
termination of wastewater discharges from the insecticide manufacturing process. It is evident
that natural processes such as retardation are significantly affecting arsenic transport at the site.
Table 2: 1999 Off-Site Ground-water Monitoring Results
Well ID Non Filtered Arsenic Field-Filtered ArsenicConcentration (mg/L) Concentration (mg/L)
W-20D 0.00190 B 0.00207 B
W-21S ND ND
W-211 0.00355 B 0.00198 B
W-21D ND ND
W-22S 0.00276 B 0.00197 B
W-22D ND ND
B - Result between Estimated Quantitation Limit and the Detection Limit
ND - Arsenic not detected
It is reasonable to infer that the majority of arsenic is present as arsenic(V) at the site (Stout,
1999) and sorption of arsenic(V) to aquifer material is influencing the extent of arsenic
migration. As discussed in Section 2.2.2, sorbed arsenic is typically present as arsenic(V).
Further evidence that the majority of the arsenic exists in the +V oxidation state is presented on
Figure 5. In 1992, a geochemical study of site soil and ground water was completed. Table 3
summarizes results of this geochemical study and show that the aquifer can be characterized by
circumneutral pH and a mildly oxidizing environment. Figure 5 suggests that the majority of
arsenic under these conditions (pH of 7 and pE of 0.125 V) will exist as the HAsO4 - ion.
Arsenic in the HAsO42 ion has a valence of +V. Field records collected during each monitoring
event suggest that subsurface conditions at the site are stable, and may not have the reductive
potential to change the speciation of arsenic from arsenic(V) to arsenic(III). Thus the mobility
and solubility of arsenic at the site is not expected to increase.
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The geochemical study also investigated the sorption capacity of the aquifer material for arsenic.
Results from arsenic adsorption tests indicate the most reasonable model to predict adsorption
behavior of the site samples is the Freundlich isotherm model with a distribution coefficient of
14.39 ml/g and a fitting parameter of 1.07. The Freundlich isotherm model is presented below:
Cas=Kf*Caq"n
Where:
Cads= sorbed concentration [MIM];
Kf = Freundlich distribution coefficient [L3/M];
Caq = aqueous arsenic concentration [M/IL3]; and
n = fitting parameter.
Table 3: Geochemical Study Results
Well ID
Parameter W-6 W-6D W-7 W-7D W-14 W-14D
pH 6.83 7.15 6.64 6.72 6.88 7.04
Eh (mV) 138 110 150 115 128 108
Conductivity (mW) 696 813 1369 1684 673 757
Disolved Oxygen (mg) 7.0 4.6 5.5 5.4 8.1 5.4
Total ALK (as CaCO3) 140 164 154 160 146 154
Chloride 80.0 124 388 300 116 84.5
Nitrate-N 7.53 4.65 5.22 5.22 4.65 4.65
Sulfide (as S) 1.1 <1.0 <1.0 <1.0 <1.0 <1.0
Sulfate (as SO 4 ) 51.0 52.0 44.9 52.0 56.5 49.0
TOC 11 15 19 12 21 18
Phosphate (as P) 0.590 0.121 0.095 0.359 0.054 0.103
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3. Literature Review
Results of the literature review are presented in the following sub-sections. The literature review
was conducted to:
i. research arsenic geochemistry (previously presented in Section 2.2.2);
ii. identify technologies available for remediation of arsenic impacted ground water;
and
iii. benchmark the effectiveness of identified technologies.
General descriptions and engineering considerations for each identified technology are discussed
first, followed by a summary of research completed in the areas of the identified technologies.
Telephone interviews with USEPA RPMs serve as a basis to form case studies in an effort to
benchmark the effectiveness of arsenic remedial technologies implemented under federal
remediation programs.
3.1 Technology Identification and Description
Remedial technologies were investigated through the use of various USEPA databases and
publications. The USEPA databases were searched using websites such as CLU-IN, GWRTAC,
and USEPA Remediation and Characterization Innovative Technologies (USEPA REACH IT).
Technical publications such as technology fact sheets, technology status reports and heavy metal
remediation guides were also used. The technologies identified to remediate arsenic in ground
water include two base case options: conventional pump and treat technology and MNA with
institutional controls. These base case options represent active and passive extremes,
respectively. Other innovative technologies have also been identified that have the potential to
remediate arsenic and lie between the opposite extremes of the base cases. These technologies
include soil flushing, electrokinetics, and in-situ stabilization. A description and summary of the
engineering factors to be considered during implementation of these remedial technologies is
presented below.
It is important to note that due to the aquifer's high sorptive capacity for arsenic, the main
challenge to remediation of arsenic at the site is removal of arsenic from the aquifer material,
rather than removal of arsenic from ground water. Technologies have been identified to remove
arsenic from extracted ground water (under the pump and treat, soil flushing and electrokinetic
remedial scenarios); however these technologies will only be briefly described in Section 3.1.1.1.
3.1.1 Pump and Treat Technology
For the purposes of this RAA, conventional pump and treat technology was identified as a base
case remedial alternative. Pump and treat systems have been generally accepted and established
for remedial designs, but recent accounts of their effectiveness are have not been promising.
Many researchers report ground-water pump and treat systems as not achieving their remedial
goals, citing failures of diminished mass removal with length of system operation due to rate-
limited mass transfer (Brogan and Gailey, 1995, Hoffman, 1993, Ji and Brusseau, 1998,
Augustijn et al., 1994). Other remediation technologies offer enhancements intended to
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minimize the amount of diminishing mass removal, or use an in-situ process to avoid the energy
intensive process of pumping.
A ground-water pump and treat system pumps ground water from an array of extraction wells
and treats it using an ex-situ treatment processes such as those described in Section 3.1.1.1.
Treated ground water can then be discharged to a local publicly owned treatment works
(POTW), a nearby surface water body, or reinjected into the aquifer. In the absence of
subsurface heterogeneity and rate limited mass transfer from the sorbed phase to the aqueous
phase, ground-water pump and treat systems can be an effective remedial approach. The pump
and treat technology has been the standard remedial system for many years because induced
gradients provide hydraulic containment of ground-water plumes and provide a mechanism of
mass removal. Another factor causing widespread implementation of pump and treat systems is
their ubiquitous regulatory acceptance.
Despite the advantages of implementing pump and treat technology, such remedial systems also
have limitations. To allow for ground-water extraction, it is important that the impacted aquifer
be relatively transmissive (i.e., aquifers with a minimal silt and clay content). Problems also
arise when aquifers are relatively heterogeneous. During pumping, preferential pathways may be
formed, causing lower permeability areas to remain unaffected by the induced gradients.
Without the flux of ground water through these low permeability regions, remediation is limited
to diffusion-based or rate-limited mass transfer (Brogan and Gailey, 1995). Figure 7 illustrates
the effects of rate limited mass transfer. As the total volume of ground water pumped increases,
the solute concentration decreases quickly as the mobile solute mass is drawn toward the well,
leaving mass behind as an immobile phase in relatively impermeable regions. A slow but steady
flux of solute is observed as the relatively immobile solute diffuses into more permeable zones
(Brogan and Gailey, 1995). A rebound in concentration is observed when pumping ceases.
Pump and treat technology is limited in a similar manner when it is implemented to remediate
compounds that sorb to aquifer material.
Contemporary ground-water pump and treat systems typically employ several techniques as
improvements on the characteristic pump and treat system designed near the beginning of
Superfund law. These techniques and modifications are intended to reduce the number of
failures encountered during operation of pump and treat remedial alternatives. Examples of
some techniques and modifications that are essential to successful pump and treat remedial
solutions include (Hoffman, 1993):
i. detailed characterization of geology, hydrology, and chemistry;
ii. use of computer simulations;
iii. source removal;
iv. phased implementation of the extraction well network;
v. extensive monitoring of remedial progress; and
vi. dynamic designs that allow for changes in operation of the extraction system
pending review of monitoring data.
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Several relatively simple mathematical models have been developed to estimate the time
required for restoration of an aquifer by pump and treat technology. The approaches
summarized here are fully described in a technical paper written by Brusseau published in the
January-February 1996 edition of the journal "Ground Water." The simplest approach to
assessing aquifer cleanup times is called the hydraulic approach. Using the hydraulic approach
ignores effects of aquifer heterogeneity, dispersion and dilution, and assumes instantaneous
sorption/desorption. Aquifer cleanup times are typically severely underestimated as a result of
assumptions built into this approach. The number of pore volumes and time required to achieve
aquifer restoration can be estimated using the following equations:
Ti= R
tt = R * tr = R * V/Q
where:
Tt = number of pore volumes;
R = retardation factor, defined as 1 + (p/n) * K;
t = the cleanup time [T];
tr = hydraulic residence time [T];
Vo= impacted volume of ground water [L3
Q = pumping rate [L3/T];
p = bulk density of porous media [MIL 3 ];
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n = porosity; and
K = sorption coefficient [L3/M].
Another approach is called the mixed-reactor approach. This approach assumes that the
subsurface is a perfectly mixed flow reactor and rapid sorption. These assumptions are
frequently violated in actual systems; however the logarithmic form of the solution mimics
tailing phenomena that are observed with most pump and treat systems. This behavior allows the
mixed-reactor approach to predict aquifer cleanup times relatively accurately. The equations for
aquifer cleanup times and required pore volumes are as follows:
Ti= R * [-In Ct/Co]
tt = tr * Tt = (Vo/Q) * Tt
where:
Ct = target cleanup concentration [M/L 3]; and
CO= initial concentration [M/L3].
The final approach to modeling pump and treat systems is based on advective-dispersive
transport. The most general, non-dimensional form of the advection-dispersion equation
assuming homogeneous porous media, one-dimensional transport under steady-state flow, and
linear, reversible, and rapid sorption is (Brusseau, 1995):
R * (dC/dT) = (1/P) * (d2C*/dX2 ) - (dC*/dX)
where:
C* = C/Co;
T = t * v/L;
v = average linear pore-water velocity [IJT];
L = system length [L];
P = Peclet number = v * L/D;
D = hydrodynamic dispersion coefficient [L2/T];
X = x/L; and
x = distance [L].
Solutions to the above equation may more closely represent solute mass transport in ground
water; however, arriving at an analytical solution to a specific field situation is considerably
more difficult than applying previously described approaches. Solutions to this equation are
available for various initial and boundary conditions.
3.1.1.1 Ex-situ Removal of Arsenic from Ground Water
As previously described, the main challenge to arsenic remediation at the site is not removal of
arsenic from ground water, but rather removal of arsenic from the aquifer itself. Therefore,
technologies to remove arsenic from extracted ground water will only be briefly discussed.
Removal of arsenic from ground water after it has been extracted is a relatively established
practice because arsenic is a naturally occurring metal and is found in numerous municipal and
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private ground-water supplies (Chen et al., 1999). The references section of this report will
direct the reader to multiple research papers providing in depth descriptions of these technologies
and their effectiveness for arsenic removal. Examples of arsenic treatment technologies include
adsorption, precipitation, membrane separation, and ion exchange.
Table 4: Summary of Ex-Situ Treatment Alternatives
Treatment Process Description
Arsenic removal from ground water via adsorption is relatively
simple. The ground water is contacted with surfaces that have an
.t affinity for arsenic. Examples of sorbing surfaces include
activated alumina, coconut husk carbon, activated carbon, and
manganese dioxide-coated sand. Certain adsorbent media
require a pretreatment step before contact with the adsorbent.
Chemicals such as lanthanum(III), aluminum(III), calcium(II),
and iron(III) salts can be added to ground water containing
.ei.a.n arsenic. Mixing of the chemicals and feed water cause formation
of low solubility precipitates. Further gentle mixing causes large
particles called flocs to form. These arsenic containing flocs are
then removed through a sedimentation process.
Reverse osmosis and nanofiltration are membrane separation
processes. Reverse osmosis is a process whereby a large
pressure is applied across a semi-permeable membrane. As the
r Oosmotic pressure of arsenic in water is reached, water is forced
Reverseosaisnd through the membrane, leaving arsenic behind. NanofiltrationNanofiltration prevents atoms with a large molecular weight (> 125 grams per
mole) from passing through a membrane. Both types of
membrane processes produce a brine stream that can be highly
concentrated with arsenic.
Ion exchange uses resins that have a tendency to exchange
exchange a chloride (Cl-) anion for an arsenic(V) ion. Ion
exchange implementation consists of contacting the arsenic
containing ground water with the resin to allow sufficient time
for the exchange to take place. Pretreatment processes may be
required to prevent fouling of the exchange resins. Similar to the
membrane processes, this method also produces an arsenic
concentrate brine.
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Adsorption of arsenic can be accomplished using a number of different materials as the sorbing
surface. Some of these materials include activated alumina (Ghuyre et al., 1999), coconut husk
carbon (Manju et al., 1998), activated carbon (Kuhlmeier and Sherwood, 1996), and manganese
dioxide-coated sand (Bajpai and Chaudhuri, 1999). Arsenic removal via adsorption is relatively
simple, consisting of pH adjustment (optimal pH depends heavily on the type of adsorbent used)
and then passing the water through a bed of adsorbent.
Precipitation is an established technology for removal of arsenic from ground water. During the
precipitation process, chemicals such as lanthanum(III), aluminum(III), calcium(II), and iron(III)
salts (Tokunaga et al., 1999) are added to the feed water. Mixing of chemicals and feed water
causes formation of low solubility precipitates. Further gentle mixing causes large particles
called flocs to form. These arsenic containing flocs are then removed through a sedimentation
process. After dewatering, sludge created from this process needs to be characterized and
properly disposed. Depending on results of characterization, sludge may need to be disposed as
a hazardous waste.
Reverse osmosis and nanofiltration are both membrane separation processes that can be used to
separate arsenic from ground water (Waypa et al., 1997). Reverse osmosis is a process whereby
a large pressure is applied across a semi-permeable membrane. As the osmotic pressure of
arsenic in water is reached, water is forced through the membrane, leaving arsenic behind.
Nanofiltration is a similar process; however, the removal mechanism is membrane filtration,
whereby the large molecular weight of the arsenic atom (>125 grams per mole) will not allow it
to pass through small pores in the nanofiltration membrane. Both types of membrane processes
produce a concentrated brine stream that requires characterization and disposal. Disposal as a
hazardous liquid may be necessary.
Arsenic is also effectively removed from ground water by ion exchange. Ion exchange uses
resins (such as improved-porosity polystyrene type 1 resins and Resin A) that exchange a
chloride (Cl~) anion for arsenic(V). This is accomplished by contacting the feed water with the
resin allowing sufficient time for exchange to take place. Similar to membrane processes, this
method also produces arsenic concentrated brine (Ghuyre et al., 1999). Brine is generated
during the resin regeneration process, and may need to be disposed as a hazardous liquid.
3.1.2 Monitored Natural Attenuation
The other base case remedial alternative is to implement a MNA program with institutional
controls for the impacted area. MNA serves as an opposite extreme to pump and treat
technology because there is no extraction of ground water; rather MNA relies on natural
processes (passive) to restore the aquifer to its natural state. Natural Attenuation is defined as
any natural process that acts to contain the spread of chemicals, and/or reduce concentrations and
mass of pollutant in an aquifer (USEPA, 1996). These in-situ processes include, but are not
limited to adsorption, volatilization, biodegradation, chemical/biochemical stabilization, dilution,
and dispersion. Natural attenuation processes can be grouped into two categories, destructive
and non-destructive. The processes of natural attenuation are illustrated below on Figure 8. It
should be noted that all natural attenuation processes may not be effective on arsenic. Grayed
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out boxes on Figure 8 represent natural attenuation mechanisms that are not typically associated
with arsenic attenuation.
Mechanisms of
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Figure 8: Natural Attenuation Mechanisms
Since 1995 approximately 25% of remedial actions included some form of MNA, compared with
almost none prior to this time (Brady and Borns, 1997). This approach has gained credibility for
use with a number of organic constituents, but its use with inorganic constituents has been less
publicized. This may be due to the fact that biodegradation is commonly assumed to be the main
mechanism of natural attenuation. There is laboratory and field scale evidence of natural
attenuation processes affecting inorganic constituents (Brady and Borns, 1997). The main
natural attenuation processes that affect inorganic constituents in ground water include sorption
to mineral surfaces and/or soil organic matter, formation of insoluble solids, uptake by plants and
organisms, and occasionally volatilization (Brady and Borns, 1997). It is interesting to note that
some of these processes are the same factors that cause limitations to pump and treat
technologies. Some of the factors that affect the processes of natural attenuation include ground-
water pH, oxidation state, alkalinity, and the presence of chelating (natural and/or synthetic
chemicals that increase the solubility of inorganic compounds) or solid forming agents.
Successful implementation of MNA begins with removal of on-site sources. Secondly, an
understanding of plume extent and dynamics is required. Regulatory support of MNA also
requires a demonstration of several key factors. Absence of any of the following factors may
cause reluctance among regulatory agencies to approve a MNA remedial plan:
i. historical data showing reductions in solute concentration;
ii. data demonstrating natural attenuation processes;
iii. field or lab scale studies to verify data;
iv. simulations of long-term site behavior;
v. an exposure pathway analysis;
vi. development of a long term monitoring plan; and
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vii. development of a contingency remedial plan in the event that MNA does not meet
expected goals.
Factors that limit application of MNA also exist. For example, biodegradation of organic
constituents actually removes solute mass from the aquifer, while natural attenuation of metals
may not. As previously described, the main NIA processes for metals include sorption,
dilution, and dispersion, causing no net reduction in solute mass. The level of understanding
required about mechanisms of NIA at a site to satisfy regulatory agencies may not be possible
to achieve. It is difficult to prove that aquifer conditions such as pH and oxidation state will
remain constant over time spans much greater than 100 years (Brady and Borns, 1997), making it
difficult to rule out the possibility of remobilization.
3.1.3 Soil Flushing
Soil flushing is a remedial alternative that slightly modifies conventional pump and treat
technology. A flushing solution is introduced into the aquifer as ground water is simultaneously
pumped out of the aquifer. The extraction process is exactly the same as used for conventional
pump and treat technology. The distinctive characteristic of soil flushing technology is the use
of treated ground water specifically to flush sorbed arsenic into solution and towards extraction
wells. The mixture (called elutriate) of extracted ground water, flushing solution, and arsenic is
then treated using one of the ex-situ treatment process described in Section 3.1.1.1.
Prior to recirculation treated water may be augmented to include flushing agents that act to
enhance the flushing process. Enhancements can occur through pathways such as solubilization,
formation of emulsions, or chemical reactions with the flushing agent. Specific examples of
flushing agents that have been used or suggested for arsenic treatment include phosphoric acid
(Deutsch, 1997), EDTA (Peters, 1999), citric acid, and proprietary solutions. Figure 9 shows the
complex formed between EDTA and arsenic, illustrating the chemical reaction enhancement
mechanism. Evaluations of different types of flushing agents and their concentrations in
recirculated ground water are made through bench and pilot scale tests. These types of tests also
enable predictions of the number of pore volumes of elutriate recovery necessary to achieve
remedial goals. In addition to ground-water augmentation, chemical migration is also enhanced
due to the induced gradient created by upgradient reinjection of flushing solution.
Flushing solution may be introduced into the aquifer through two methods. These two methods
include injection through wells or infiltration through surface basins (Roote, 1998). The method
of introduction depends on the location of the area of impact. Impacts in the unsaturated zone
can be treated with surface basins or horizontal pipes allowing flushing solution to infiltrate
through impacted soil. Injecting flushing agent through injection wells can treat impacts below
the water table. The number of wells used for soil flushing varies from site to site and may range
from one to several hundred. Use of only one well implies a batch process where flushing
solution is delivered through the same well as the elutriate is recovered, similar to a batch type
process. Figure 10 illustrates a general application of soil flushing remedial technology including
flushing solution injection.
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(Source: Yeung et al., 1996)
Several obstacles need to be overcome for successful implementation of soil flushing. Similar to
pump and treat technology, implementation requires the impacted area to be relatively
homogeneous (poorly or well-sorted coarse-grained sediments, or well-sorted fine-grained
sediments) and of relatively high hydraulic conductivity (10-1 to 10-4 centimeters/second
[cm/sec]) (Roote, 1998) to minimize formation of preferential pathways. Because the cost of
flushing agents can be prohibitively expensive a ground-water treatment system that can recycle
the flushing agent is ideal. Many flushing agents are themselves toxic to humans and the
environment. Therefore, most states have regulations preventing injection of many chemicals
into aquifers causing reluctance of regulatory agencies to approve the use of many soil flushing
agents. The main goal of soil flushing is to increase the mobility of the chemical of concern in
aquifers. Mobility of arsenic is also the controlling factor over the possibility of arsenic reaching
potential receptors. Therefore it is imperative to completely define hydraulic properties of the
aquifer to facilitate complete capture of both flushing solution and mobile arsenic. This is an
increasingly difficult task as the stresses of pumping and reinjection are imposed on the aquifer
because the entire flow system will be changed from the equilibrium condition. Many
applications of soil flushing technology include low permeability boundaries such as constructed
barrier walls and low permeability clay or bedrock layers (Roote, 1998). Application of the soil
flushing alternative for arsenic remediation would require use of impermeable boundaries
because mobile arsenic typically exists in the more toxic arsenic(III) form.
3.1.4 Electrokinetics
The construction industry has used electroosmosis for several decades to dewater and stabilize
soft, fine-grained soils (Schultz, 1997). Electroosmosis is the migration of water molecules
under the influence of an electric field. In the early 1980's it was discovered that water removed
from the subsurface via electroosmosis contained high concentrations of metals, organics, and
total dissolved solids (TDS) (Reed et al., 1995). This observation gave rise to many research
projects investigating use of electric fields to enhance remedial systems. The remedial
technology that developed has been named electrokinetics.
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Figure 10: Soil Flushing
(Source: Roote, 1998)
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The goal of electrokinetic remediation is to desorb chemicals from the fine-grained fraction of
aquifer material. After chemicals desorb and migrate to the electrode of opposite charge, they
may be extracted or contained. Extraction of desorbed chemicals is most often achieved by
extracting ground water from the same well that contains the appropriate electrode. Thus,
electrokinetics may be considered an enhancement to conventional pump and treat technology.
Electroplating, precipitation, or complexation with ion exchange resins at the electrode may also
remove chemical mass from the aquifer. For the case of arsenic remediation, removal systems
should be placed in wells containing cathodes because arsenic ions exist in the +1I or +V
oxidation state. Extracted water from a pumping system can be treated using an ex-situ
treatment method described in Section 3.1.1.1. Containment between electrodes of opposite
charge can be achieved by occasional reversal of polarity of the electrodes. After the system
draws charged ions towards the cathode, electrode polarity is reversed causing ions to migrate
towards the "new" cathode or anode. Rate of polarity reversal is controlled by the rate of
transport of ions through the aquifer and can be inferred from pilot tests.
The three transport mechanisms caused by electric fields in the subsurface include
electroosmosis, electromigration, and electrophoresis. When referring to electrokinetics,
electroosmosis is the transport of constituents with bulk movement of water. Electroosmotic
flow is promoted at higher water contents, suggesting that optimal conditions exist in the
saturated zone. Electromigration is the movement of solubilized or charged chemical species,
and is the primary mechanism responsible for ionic species migration (Reddy et al., 1999).
Charged species will migrate to the electrode of opposite charge (anodes being positively
charged and cathodes being negatively charged). The third transport mechanism is
electrophoresis and is described as migration of charged particles, aggregates or colloids in
relation to pore water. Figure 11 illustrates the transport mechanisms described above.
I Electrical Current
Figure 11: Mechanisms of Electrokinetic Transport
(Source: Vane and Zang, 1997)
33
Implementation of electrokinetics includes the placement of electrodes in the subsurface to apply
an electric field across the zone of impact. Figure 12 provides a schematic diagram of the
electrokinetic remedial setup. Upon application of a low intensity direct current (DC) voltage,
water in the pore space of the soil will electrolyze according to the following reactions:
Anode: 2H 20 - 4e =4H+ +02
Cathode: 4H20 + 4e~= 40H~ + 2H 2
The net result of these reactions is the release of oxygen and hydrogen gases to the atmosphere
and formation of an acid front at the anode and a basic front at the cathode. Ions are formed and
they migrate to the electrode of opposite charge. The size difference between the hydrogen and
hydroxyl ions allows the acid front to migrate much faster than the basic front, creating a net
flow towards the cathode. These effects are expected to have a large influence over the
remediation of arsenic because arsenic mobility is heavily pH dependent (Reddy et al., 1999).
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Figure 12: Electrokinetics
(Source: Reddy et al., 1999)
Success of electrokinetics depends upon the freedom of ions to migrate through the aquifer. The
overburden needs to be free of obstructions such as barrels, reinforcing rods, concrete
foundations, wood beams, plastic sheets, boulders and seashell material. Additionally, deposits
that exhibit very high electrical conductivity, such as ore deposits, cause the technique to be
inefficient (VanDeuren et al., 1997). Another major downfall of electrokinetic remediation is
that it is an extremely complex system of interactions between an electric field with flowing,
charged fluid and a porous medium that is not yet completely understood. There are no formulas
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or guidelines to assist with design of electrokinetic systems. Design parameters such as distance
between electrodes, electrode array, polarity reversal frequency, and remedial timeframe all need
to be estimated through pilot testing at the actual site. Another implementation difficulty is the
necessity to control pH near the electrodes when dealing with pH sensitive systems such as
arsenic remediation. It is not uncommon for cathodes to be converted into extremely hard, well-
cemented pillars, owing to precipitation of carbonates and hydroxides (Chilingar et al., 1997). A
similar situation could arise when arsenic arrives at the basic front created near the cathode.
3.1.5 In-Situ Fixation
In-situ fixation is the opposite of soil flushing and electrokinetics. While the goal of the
previously described technologies is to remove all sorbed chemicals, the goal of in-situ fixation
is to deliver oxidizing/reducing chemicals to the subsurface to either transform chemicals into
non-toxic by-products or complete the sorption process and scavenge the chemicals of concern
from solution. In-situ oxidation of organic chemicals can result in breakdown of organic
chemicals into potentially less toxic products, while in-situ fixation of inorganic species does not
result in a net decrease of solute in the aquifer. In-situ fixation renders inorganic constituents
immobile by forcing inorganic species to sorb to aquifer media. A similar technology for
remediation of inorganic arsenic is called iron coprecipitation, where an iron rich solution is
injected. This technology exploits arsenic's affinity for precipitating as a solid in the presence of
iron, causing immobility.
Chemicals used as oxidizing agents include hydrogen peroxide (H202), potassium permanganate
(KmnO 4), dissolved oxygen (DO), ozone (03), persulfate salts (S208), and iron. Oxidizing
agents can be delivered under pressure to the subsurface in single, multiple, or continuous
injections using temporary or permanent injection points. In heterogeneous subsurfaces, a high
degree of mixing is required to contact oxidants and chemicals. This can be accomplished by
screening injection wells at various depths and injecting with a higher injection pressure
(ESTCP, 1999). Transport of oxidant through the aquifer may be further facilitated through use
of extraction wells downgradient of oxidant injection. This configuration also provides a source
of injection water to be amended with oxidant prior to reinjection. A configuration of this type is
illustrated on Figure 13. Multiple injections from different locations can also be effective on
subsurface heterogeneity by minimizing the formation of preferential flow pathways from
original injection points (ESTCP, 1999).
The main advantages to the in-situ fixation process are the relatively low cost and speed.
Chemicals used during in-situ fixation can be obtained at a relatively low price when compared
to the cost of chemicals used for the soil flushing remedial technology. Since the fixation
reactions are relatively fast, remediation goals may be met within months instead of years (see
Section 3.3 regarding case studies); however, multiple injections over an extended remedial
timeframe may be necessary to keep aquifer conditions in a state amenable to fixated chemicals.
One main disadvantage of the in-situ fixation process is the danger presented to workers during
technology implementation. Oxidizers are corrosive and potentially explosive, causing the
potential for violent chemical reactions and significant heat generation during transport,
handling, and application to the subsurface. Another disadvantage is that long term monitoring
is typically required to facilitate complete fixation of the chemical of concern. Rebounds in
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solute concentration can occur if all original chemical mass was not oxidized or ambient aquifer
conditions change to reducing environments. Finally, no guidelines exist for the specification of
design parameters for in-situ fixation. These parameters include oxidant mass to be injected,
injection well spacing, screening intervals, and injection pressures. Values of these parameters
need to be evaluated through exhaustive pilot studies conducted at the site. For example, site-
specific concentrations of oxidant consuming materials such as natural organic matter, reduced
iron and manganese, and sulfides need to be evaluated before the total mass oxidant to be
injected can be evaluated (ESTCP, 1999). Failure to consider such factors can result in
incomplete fixation of the chemical of concern.
Oxidant t
Extraction
well
Injection
well
Figure 13: In-situ Fixation
(Source: USEPA, 1998)
3.2 Laboratory Studies of Identified Technologies
Searches of databases containing abstracts of technical journal papers were performed to
evaluate bench scale effectiveness of identified technologies for arsenic remediation. The
databases used in these searches include Compendux, Applied Science & Technology Abstracts,
Environmental Knowledgebase, General Science Abstracts, GEOBASE, GeoRef, and Web of
Science. General results are summarized below:
i. Pump and treat technology is not well documented in technical journals. This may
be due to difficulties in setting up a simulation of pump and treat technology in a
laboratory setting. A few papers were located that propose improvements to
conventional pump and treat technology. Conclusions from these papers were
included in the above description of pump and treat technology. Pump and treat
technology is discussed further in Section 3.3 as part of the case studies.
ii. The overwhelming majority of MNA literature focuses on natural attenuation of
organic compounds. A paper addressing natural attenuation of metals did not
provide results of a laboratory or pilot scale study, but rather described natural
attenuation mechanisms for metals.
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Table 5: Summary of Remedial Alternatives
Remedial Alternative Description Advantages Disadvantages
A ground-water pump and t s p Induced gradients provide hydraulic containment of
water from an array of extraction wells and r it ground-water plumes. Chemicals are actually removed Pump and treat systems are unable to treat chemicals
Conventional using an ex-situ treatment process. Treated ground from the aquifer. Pump and treat systems have a long that sorb to aquifer material. Aquifers are required to beCovetndTrat using an e teatmenthroesed gralocalpublyond performance record, causing regulatory agencies to relatively transmissive and homogeneous. Rate limited
Pump and Treat water can then be discharged to a local publicly owned approve their implementation at numerous hazardous mass transfer can lead to clean up times on the order of
treatment works (POTW), a nearby surface water body, waste site. It is a well developed technology with hundreds of years.
or reijected into the aquifer. significant amounts of guidance documents available.
Monitored Natural Attenation relies on natural Natural attenuation of metals does not actually remove
processes (passive) to restore the aquifer to its natural or destroy arsenic mass in an aquifer, rather is controls
state. Natural Attenuation is defined as any natural Recently, monitored natural attenuation has gained migration. Regulatory agencies require a high level of
process that acts to contain the spread of chemicals, regulatory acceptance. The passive nature of the understanding of monitored natural attenuation
Monitored Natural Attenuation and/or reduce concentrations and mass of pollutant in an technology allows for significant reductions in capital mechanisms at a site. It is dificult to prove that aquifer
aquifer. These in situ processes include, but are not cost over other technologies. Natural attenuation is non- conditions are stable over time spans much greater than
limited to adsorption, volatilization, biodegradation, invasive. 100 years, making it difficult to mule out the possibility of
chemical/biochemical stabilization, dilution, and remobilization.
dispersion.
A flushing solution is introduced into the aquifer as Soil flushing technology can be used to flush sorbed The impacted area needs to be relatively homogeneous
ground water is simultaneously pumped out of the chemicals into solution and towards extraction wells. ost of flushing agents can be prohibitively expensive.
Soil Flushing aquifer. The extraction process is exactly the same as Specific chemicals can be targeted by adding different Many flushing agents are themselves toxic to humans
used for conventional pump and treat technology. Prior flushing agents to recirculated water. Remedial and the environment. It can be difficult to contain
to recirculation treated water may be augmented with timeframes can be shorter than those of conventional fnushing agmets and mobilized chemicals without the
flushing agents that act to enhance flushing efficiency. pump and treat technology. presence of natural confiing units.
Implementation of electrokinetics includes placement of Electrokinetics is considered an extremely innovative
electrodes in the subsurface to apply an electric field technology. Regulatory agencies are reluctant to
across the zone of impact causing chemicals to desorb Electriokinetics can be applied to fine grained and low approve electrokinetics as a remedial system. Extraction
from the fine grained fraction of aquifer material. permeability aquifers where most remedial technologies may be hindered by basic conditions near the cathode.
Charged species then migrate to the electrode of fail. Remediation is autocatalytic with the generation of The overburden needs to be free of obstructions such as
Electrokinetics opposite charge where they may be extracted or an acid front helping to desorb chemicals. Remedial barrels, reinforcing rods, concrete foundations, wood
contained. Extracted water from a pumping system can timeframes can be relatively short when compared to a beams, plastic sheets, boulders and seashell material.
be treated using an ex-situ treatment method. system such as conventional pump and treat. Electrokinetic remediation is an extremely complexContaiment between electrodes of opposite charge can system. There are no formulas or guidelines to assist
be achieved by occasional reversal of the polarity of the with design of electrokinetic systems,
electrodes.
In-situ fixation is the opposite of soil flushing and The main advantages of the in-situ fixation process are A high degree of mixing is required to contact oxidants
electrokinetics. The goal of in-situ fixation is to deliver its relatively low cost and speed. Chemicals used during and chemicals. Oxidizers are corrosive and potentially
oxidizing/reducing chemicals to the subsurface to either in-situ fixation can be obtained at a relatively low price explosive. Significant heat generation may be generated
transform chemicals into non-toxic by-products or when compared to the cost of chemicals used for the during transport, handling, and application to the
In Situ Fixation enhance natural sorption processes and scavenge the soil flushing remedial technology. Since the fxation subsurface. Long term monitoring is typically required
chemicals of concern from solution. In-situ fixation of seacting remedia tin the can to ensure complete fixation of the chemical of concem.
inorganic species does not result in solute removal from reactions are relatively fast, remediation goals can be Ambient aquifer conditions can change resulting in
the aquifer. It renders them immobile by forcing met withinmonth instead of year, as with previously remobilization. Hnally, no guidelines exist for the
inorganic species to sorb to aquifer material. described technologies specification of design parameters for in-situ fixation.
iii. A paper describing a study of ex-situ treatment of soil (referred to as soil washing)
using typical flushing agents was identified. This paper also contains a fairly
extensive literature review pertaining to soil washing. Results of this literature
review are presented in Section 3.2.1. Other research papers written about soil
flushing focus on development of mathematical models to predict concentration of
target chemicals as a function of time or pore volumes of water flushed; however,
organic chemicals were used as target chemicals making their application to arsenic
remediation limited.
iv. Research papers were located describing laboratory research of electrokinetics. It is
worthy to note that none of the laboratory tests studied arsenic as a chemical of
interest; however, several other redox sensitive inorganic species were studied.
Because arsenic is also a redox sensitive inorganic constituent, these results are
summarized in Section 3.2.2.
v. In-situ fixation of arsenic has not been well documented in the literature, though
results of one bench scale study were identified. In-situ fixation of various inorganic
species has been relatively well documented. A summary of the studies and their
results is contained in Section 3.2.3.
3.2.1 Soil Flushing
Peters (1999) authored a paper describing a study that investigated use of chelants to extract
heavy metals from soil taken from the Aberdeen Proving Ground. He also conducted a fairly
extensive literature review on soil washing. Though soil washing is an ex-situ process, the goals
are similar to those of soil flushing. All laboratory studies of soil flushing by definition must be
called soil washing because the experiment becomes an ex-situ process when the soil sample is
taken into the laboratory. For more detailed information concerning Peters' study the reader is
referred to his paper (complete bibliographic information can be found in Section 7 of this
report).
Peters reviewed over 35 studies, none of which incorporated arsenic as a metal of concern. The
metals included in these studies included cadmium, chromium, cobalt, copper, lead, manganese,
nickel, silver, and zinc. These studies also investigated a wide range of chelants including
nitrilotriacetic acid (NTA), EDTA, ethylene glycol-(-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA), 1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid (DcyTA), hydroxylamine
hydrochloride, citrate buffer, diethylenetrinitrilo-pentaacetic acid (DTPA), sodium hypochlorite
(NaOCl), DI and tap water, sodium dodecyl sulfate (SDS), hydrocholric acid (HCl), nitric acid
(HNO3 ), sulfuric acid (H2 SO 4 ), isopropyl alcohol, N-2(acetamido)iminodiacetic acid (ADA),
pyridine-2,6-dicarboxylic acid (PDA), sodium metabisulfite, acetic acid, calcium chloride
(CaCl2), hydroxyethylethylenediaminetriacetic acid (HEDTA), and Metaset-Z. It is interesting
to look at a large collection of research on soil washing such as this because the potential exists
to make generalizations regarding the effectiveness of the technology as a whole. A review of
the results obtained in these experiments shows that EDTA was used in a majority of
experiments with fairly consistent success. Results were also heavily dependent upon type and
speciation of metals, pH, concentration and type of flushing agent, and soil type. Due to the
wide variability of results across these areas, application of these results to soil flushing of
arsenic is not practicable. A separate study of arsenic under various conditions is required before
generalizing results.
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The following is a summary of journal papers that describe experiments conducted to investigate
soil flushing of organic compounds. They are relevant to this study of arsenic due to the
mathematical models of soil flushing that they present and to develop an understanding of the
advantages to using soil flushing over conventional pump and treat technology.
Augustijn et al. (1994) developed a mathematical model to predict the concentration of organic
chemicals as a function of number of pore volumes of flushing agent flushed through a system.
The study conducted experiments using fine sand, organic solutes including naphthalene and
anthracene, and methanol as a cosolvent to verify model predictions. An example elution curve
from this study can be seen on Figure 14.
The relative concentration on the Y-axis represents the ratio of solute concentration in the
extracted pore fluid to concentration of solute if all solute were to desorb instantaneously. The
model and experimental results indicate that as the concentration of cosolvent is increased in the
flushing solution, fewer pore volumes are required to remove organic chemicals from soil. The
range of cosolvent concentrations studied in this experiment range from 10% to 70% with
associated number of pore volumes of 20 and 4. This experiment shows soil flushing of organic
constituents using methanol as a cosolvent may be effective. No attempt was made to compare
methanol cosolvent soil flushing with conventional pump and treat, and thus no conclusions
about relative effectiveness can be drawn.
2-4-
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Figure 14: Sample Elution Curves
(Source: Augustijn et al., 1994)
Ji and Brusseau (1998) developed a similar mathematical model to that of Augustijn et al. To
validate their model, Ji and Brusseau conducted two different column experiments using soil
from a Canadian Air Force Base that was saturated with phenanthrene and trichloroethene
(TCE). For removal of phenanthrene, carboxymethyl-o-cyclodextrin (CMCD) was used and for
removal of TCE, sodium dodecyl sulfate (SDS) was used. Predicted and experimental elution
curves obtained from this experiment appear very similar to those on Figure 14. This experiment
compared results to a control where only water was used as a flushing agent. The experiment
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also investigated the effects of desorption rate on the number of pore volumes needed to reach a
specified goal. The results of this analysis are presented in Table 6.
Table 6: Pore Volumes Necessary for 50% and 95% Recoveries
Water Flushing Agent Flushing
Desorption Rate 50% 95% 50% 95%
195 20.0 40.9 1.97 3.33
19.5 20.0 44.2 2.0 5.5
1.95 20.3 70.9 2.13 26.6
0.195 21.5 340.1 2.2 237.2
Source: Ji and Brusseau
3.2.2 Electrokinetics
Acar and Alshawabkeh (1996) used kaolinite specimens spiked with lead to study
electrokinetics. Using 50 volts (V) across a 10 cm electrode separation distance in a bench scale
study they found that energy expenditure was about 700 kilowatt hours per cubic meter
(kWh/m 3) of soil treated for 2,500 hours of processing. In a pilot scale study using 160 V across
a 70 cm electrode separation distance, they found that the energy expenditure was 60 to 330
kWh/m 3 for 169 to 598 hours of processing. In both experiments, lead was found to migrate
towards the cathode where it precipitated due to production of hydroxyl ions near the cathode.
Results indicate that 15% of the lead remained in the soil, while 55% of the lead precipitated
within 2 cm of the cathode, 20% was found collected at the cathode, and 10% was unaccounted
for. To overcome effects of hydroxyl ions it was recommended to introduce pH controlling
solutions near the cathode.
Reddy et al. (1999) investigated the use of electrokinetics on a natural soil composed of brown
silty loam/silty clay loam that contained elevated concentrations of cadmium, chromium, and
calcium. The voltage applied to the soil sample was 25 volts with an electrode spacing of 20 cm
for 92 hours. The soil's natural buffering capacity impeded the removal of cadmium and
calcium because an acid front could not be established. The removal efficiencies of cadmium,
calcium, and chromium were 25%, 35%, and 30%, respectively. Though chromium was not
efficiently removed from the soil, it was found to migrate under alkaline conditions.
Reddy et al. (1997) also performed experiments with chromium to observe the effects of varying
soil types on electrokinetic remediation. The experimental setup for this experiment was
identical to the previously described experiment. The types of soil used in this experiment were
glacial till, kaolin, and Na-montmorillonite. Glacial till showed higher removal rates for
chromium because there was less adsorption than in kaolin and Na-montmorillonite. It was also
found that iron oxide retards chromium removal in glacial till. Iron oxide was not found to
hinder chromium removal in the other 2 soils. Removal efficiencies ranged from 89% in the
glacial till to lower than 50 % in the Na-montmorillionite.
Li et al. (1997) performed electrokinetic experiments on sand spiked with lead, cadmium, and
chromium using a conductive solution of potassium nitrate as a pore fluid in 60 cm columns with
an applied voltage of 30 V. Potassium nitrate was used to avoid metal precipitation near the
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cathode. Removal efficiencies of lead, cadmium, and chromium were found to be 91%, 98%,
and 90%, respectively. These efficiencies were found to increase as the length of experiment
increased. Experiment lengths ranged between 100 and 120 hours.
Reed et al. (1995) studied removal of lead from silt loam using a 60 V electrokinetic reactor.
Lead removal from soil was not significant for experiments where no conditioning agents were
added to the pore fluid due to precipitation of lead near the cathode. When soil pH was lowered
below 3.5 using acetic acid, HCl, or EDTA, 90% removal efficiencies were observed.
Lead removal from kaolonite by electrokinetics was also studied by Coletta et al. (1997). The
applied voltages used for this experiment varied between 8 and 25 V. The experiment also
investigated the impact of ionic strength of pore water through chemical additions such as
aluminum, calcium and sodium. The efficiency of the process was measured by the distance
from the anode that the soil contained a concentration of lead less than the original concentration
and the total lead remaining in the soil. Similar to other experiments, it is evident that lead
precipitated near the cathode. Total removal efficiencies for this experiment ranged from 0 to
19%.
Puppala et al. (1997) applied a constant current of 4 and 20 milliamps (mA) to a soil composed
of 40% illite, 8% kaolinite, 5% Na-montmorillionite, and 47% fine sand to study electrokinetic
remediation of lead. Tests were conducted with water, acetic acid, and membranes to prevent
migration of hydroxyl ions. Little difference between acetic acid enhanced tests and unenhanced
tests was evident. In both cases, lead was found to precipitate near the cathode and electroplate
on the cathode indicating that a pH of lower than 4 is required to keep lead from precipitating
near the cathode. Similar results were also obtained for the membrane tests; however, energy
expenditure was significantly higher. Overall removal efficiencies ranged between 32% and
65%.
Lead and zinc removal from sand was investigated by Wong et al. (1997). EDTA was used in
this experiment to overcome effects of pH elevation near the cathode. For this experiment, 30 V
were applied across a 20 cm column of soil. Lead and zinc complexed with EDTA was found to
migrate with high efficiency towards the anode. The two trials that included lead and zinc were
terminated after 2 days because 100% removal of lead and zinc was achieved. Four other trials
were conducted with only lead. These trials lasted a maximum of 6 days with removal
efficiencies ranging from 68% to 100%.
3.2.3 In-situ Fixation
In-situ fixation of arsenic has been suggested as a remedial solution, citing that the presence of
iron and an oxidizing environment will result in precipitation of iron oxyhydroxide minerals,
which have a high affinity for arsenic (Deutsch, 1997). Though no experimental results or case
studies were presented along with this description, experimental evidence exists to support this
suggestion (Masscheleyn, 1991). Effects of iron hydroxide [Fe(OH)3] addition were
investigated. Results indicate that arsenic was coprecipitated with iron oxyhydroxides and
released upon their solubilization under reducing conditions. Redox behavior of arsenic was
found to agree well with Figure 5.
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Mobility of chromium under varying oxidation states and pH has also been studied (Davis and
Olsen, 1995). Results of this study indicate that chromium mobility is controlled by the same
factors that influence arsenic mobility. Iron was found to immobilize chromium; however,
aquifer conditions to cause chromium fixation were identified as opposite that of arsenic.
Hexavalent chromium is relatively immobile, while chromium(III), the more reduced form was
retained in soil columns. The experiments indicated that reduction of chromium(VI) to
chromium(III) could induce fixation to iron oxyhydroxides, mitigating chromium impacts in
ground water.
Selenium was also found to be an inorganic species whose mobility is sensitive to its oxidation
state (Manning and Burau, 1995). The migration pattern for selenium is similar to that of
arsenic. Selenium(IV) is relatively immobile, while selenium(VI), the more oxidized form is
adsorbed to iron oxyhydroxides rendering it immobile. This experiment concluded that addition
of iron salts to aquifers could result in selenium immobilization, making in-situ fixation a viable
remediation technique.
Iron cyanide precipitation has also been studied as a means of in-situ fixation for remediation of
inorganic cyanide plumes (Ghosh et al., 1999). Cyanide containing water was passed through
columns containing elemental iron to evaluate precipitation efficiency. The study concluded that
permeable treatment walls containing elemental iron and pH control can be an effective means of
in-situ cyanide fixation.
3.3 Case Studies
Hazardous waste sites that have arsenic impacts were located using a searchable database at the
EPA Superfund website. This database allows constituent and media specific searches of a
database containing Records of Decision for federal hazardous waste sites. A search for
"arsenic" as the constituent and "ground water" as the media resulted in over 500 Record of
Decision (ROD) abstracts. Not every search record resulted in a ROD abstract that listed arsenic
as a primary concern for the site. The majority of these abstracts listed the primary constituents
of concern as metals (usually explicitly mentioning arsenic, chromium, and lead). Further
investigation yielded approximately 50 sites where arsenic appeared to be a significant problem.
To further clarify the extent of arsenic impact at these sites, an attempt was made to contact the
USEPA RPM for each site via email. The overwhelming response by USEPA remedial project
managers indicated that arsenic had been detected at their sites only sporadically and usually
only marginally above drinking water standards (0.050 mg/L). A few sites have been located
where arsenic is a primary constituent of concern and remedial actions have been taken or are
scheduled to take place. Information about these sites is summarized below and in Table 7.
3.3.1 Crystal Chemical Company
Crystal Chemical Company, located in Houston, Texas, produced arsenic, phenol, and amine-
based herbicides for approximately 14 years. Repeated violations of Texas environmental
regulations caused Crystal Chemical Company to file for bankruptcy and abandon the site in
September 1981. Preliminary site investigation conducted by a potentially responsible party
indicated that soil and ground water were severely impacted with arsenic. Site investigation also
identified two types of geologic deposits relevant to site hydrology. One deposit consists of a
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subsurface stream channel, containing sand and minimal amounts of fine-grained material. The
other deposit is referred to as splay or off channel deposit, and is composed of sand containing a
high fraction of fine-grained material. A ROD was written in 1990, and called for excavation of
offsite soils impacted with arsenic greater than 30 parts per million (ppm). All soils impacted
with arsenic greater than 300 ppm were to be treated with a process called in-situ vitrification,
and a cap was specified for the entire site. However, the in-situ vitrification technology was
unavailable and USEPA selected a new soil remedy in a 1992 ROD amendment that specified
soil consolidation and capping. This soil remedy was completed in September 1995. The
ground-water remedy specified in the 1990 ROD called for extraction and treatment of arsenic-
impacted ground water. The cleanup goal for arsenic was set at 50 ppm. Additional laboratory
and field testing completed during design and implementation of the specified ground-water
pump and treat system indicated that the majority of arsenic exists in fine-grained splay or off-
channel deposits, where arsenic was found to strongly adsorb on to aquifer material. In these
areas, the arsenic concentration in ground water was not significantly reduced. USEPA
approved ARAR waivers on the basis of technical impracticability citing new information gained
during design and the following:
i. complexity of site geology;
ii. over 700 million gallons of water would have to be extracted to try to achieve
remedial goals;
iii. slow release of arsenic from fine-grained sediments would limit the rate and
quantity of arsenic that can be removed by extracting ground water; therefore,
iv. a range from 200 to 650 years is the minimum time estimated to restore ground
water, if it could be restored at all;
v. innovative technologies such as enhanced mobilization techniques and
demobilization techniques were considered, and ruled out on the basis of
significant subsurface heterogeneity and large fine-grained fraction contained in
aquifer material;
vi. additional source control has been carried out through excavation of wastewater
infiltration basins and the underlying soil; and
vii. a slurry wall will be constructed around the portions of the site where ground
water cannot be restored.
3.3.2 Vineland Chemical Company
Vineland Chemical Company, located in Vineland, New Jersey, is a former herbicide
manufacturing and storage facility. Existing onsite are a wastewater treatment facility and
several lagoons. Arsenic containing wastewater was discharged into unlined lagoons until 1980
and herbicide was stockpiled directly on the soil and in abandoned chicken coops. Extensive
arsenic impacts to soil, sediment, ground water, and surface water are the result of high solubility
of arsenic salts exposed to the weather at the site and wastewater discharged from the plant.
Remedial investigation revealed a complex plume of arsenic in ground water, containing organic
and inorganic regions. In inorganic regions of the plume arsenic is found to sorb heavily to the
sandy aquifer material. In organic regions the arsenic concentration is as high as 245 ppm. It is
estimated that arsenic containing ground-water discharges from the aquifer into an adjacent
stream, causing the arsenic concentration of a local river, lake, and lake sediments to be above
regulatory standards for over 26 miles downstream of the site. The ground-water remedy
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selected in the 1989 ROD was a pump and treat system. The main reason a pump and treat
system was chosen was the ability of the pump and treat system to control the migration of
arsenic. Though the ground-water cleanup goal was specified as 0.05 mg/L, the remedial
alternatives were evaluated based on their ability to achieve an arsenic concentration of 0.35
mg/L. This alternate goal was set because the adjacent stream would remain below surface water
quality standards for arsenic if the ground water remained below an arsenic concentration of 0.35
mg/L. The treated water was to be reused for soil flushing to release arsenic sorbed to sandy
aquifer material. Construction of the pump and treat system began in March 1998. There were
installation delays, causing completion to be pushed back to the beginning of the year 2000. The
system is currently complete (March 2000) and undergoing testing. When operating at full
capacity, the system will treat 2 million gallons of ground water per day (mgd) for a minimum of
30 years. As the treatment system develops required capacity, treated water will be used to flush
sorbed arsenic from the soil. If soil flushing using treated water without a flushing agent is
found to be ineffective, flushing agents will be considered. At completion of this report,
conclusions about effectiveness of the selected remedial system have not been developed.
3.3.3 Whitmoyer Laboratories
Whitmoyer Laboratories is located in Jackson Township, Pennsylvania. The 22-acre site was
used to manufacture veterinary pharmaceuticals between 1934 and 1984, and produced and
stored soluble arsenic compounds. Upon site discovery, numerous buildings, a large waste
storage vault, lagoons, storage tanks, a waste pit, and a petroleum products pipeline and pump
station were identified. Area surrounding the site is primarily agricultural with a few farmland
residences. The source, which was the unconsolidated deposit above the bedrock (on average 10
to 12 feet deep) and a large vault, has been removed. Natural soil in the region is derived from
weathering of bedrock consisting of primarily silt and clay; however, fill is now present at many
locations at the site. The carbonate bedrock deposit below the site is considered to be a single,
heterogeneous, confined aquifer, where secondary porosity or fractures control ground-water
flow and storage. This aquifer is a source of drinking water to approximately 40 residences in
the site vicinity, process water for local industries, and a municipal reserve well for a nearby
town. Some of the 40 residences have been placed on bottled water because their wells have
been impacted. Recent groundwater sampling showed that the shape and extent of the plume has
not changed since it was studied by USEPA in 1989. The plume's shape and size was found to
be quite similar to what USGS identified in 1973. A creek in the area is acting as a natural
barrier, preventing farther underground movement of the plume. The plume is a half-mile long,
with a highest concentration of approximately 85 ppm. A pump and treat system was specified in
the ROD. The system was installed, and has been operating for approximately 2 years. The
USEPA RPM indicated conclusions concerning the effectiveness of the remedy will not be
developed for a few years because the remedial timeframe is expected to be decades. The only
preliminary result he was willing to share was that the leading edge of the plume has receded
since pumping began. Provisions were made in the ROD that specify a contingent remedy
consisting of a reduced pumping rate near plume edges to prevent migration if significant tailing
occurs or achievement of ARARs is found to be technically impracticable.
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3.3.4 Indusrti-Plex Superfund Site
The Industri-Plex Superfund Site is a former chemical manufacturing facility located in Woburn,
Massachusetts, a dense commercial and industrial area. The 250 acre Industri-Plex Site has
hosted various manufacturing operations for over 130 years including manufacturing of sulfuric
acid, acetic acid, phenol, benzene, toluene, arsenical insecticides, munitions, dry colors, and glue
products derived from raw and tanned animal hides. Wastes were commonly used to fill
lowlands, wetlands, and shallow ponds, and as containment structures for liquid wastes. Waste
was also piled to heights exceeding 40 ft above the natural ground surface. During site
development in 1979 many pits, piles, and lagoons were identified to be continuously leaching
toxic metals and other chemicals into the environment. The ROD for site soils and sludges
specifies site grading, installation of a permeable soil cover cap over certain areas, and post
closure maintenance consistent with Resource Conservation and Recovery Act (RCRA)
regulations. The ROD accounted for areas that release hazardous air pollutants by specifying
stabilization of side slopes of the east and west hide piles, installation of a gas collection layer,
and installation of a synthetic membrane cap to establish impermeability. The original ROD also
called for a ground-water pump and treat system; however, the USEPA agreed to the potentially
responsible party's proposal to attempt an innovative cleanup approach. Because both volatile
organic compounds (VOCs) and arsenic exist in the ground water, an oxygen sparging system
was designed with the goal of volatilization of VOCs and changing the oxidation state of the
aquifer. Under induced oxidizing conditions arsenic was expected to sorb to aquifer material and
become immobilized. According to the site RPM, the innovative technology failed to change
aquifer geochemistry, and as a result arsenic was not immobilized. The RPM also cited
problems with the oxygen sparging gas collection system that also caused a failure to remediate
VOCs. At the time this report was written the RPM was unsure about what would be the next
course of action for the site.
3.3.5 Greenwood Chemical Company
The 5-acre Greenwood Chemical Site is a former chemical manufacturing facility in Newton,
Virginia. For approximately 35 years, chemicals for industrial, agricultural, pharmaceutical, and
photographic purposes were stored, treated, and disposed of on site. The hazardous nature of the
site was discovered after an explosion and fire, when USEPA discovered several buildings,
storage sheds, a buried drum area, and seven former treatment lagoons. Improper chemical
management practices used at the site resulted in elevated concentrations of organic compounds,
cyanide, and arsenic in sludges, on site soil, and ground water. Land use in the area is mixed
residential and agricultural, with all residents relying on ground water as the sole source for
drinking water. After emergency removal of drums, chemical containers, and sludge from three
lagoons, a ROD was written specifying incineration, solidification, and/or disposal of 4500 cubic
yards of soil. As a separate ROD, ground-water impacts were addressed through selection of an
interim remedy of a pump and treat system to provide containment and begin reduction of
chemicals in the ground water. During implementation of this interim remedy, operational data
will be evaluated to develop cleanup goals and a final remedial action. Personal interviews with
the site's RPM indicate that the pump and treat system is currently being constructed. The
system is near completion, and is expected to be operational in the near future. He also indicated
that the aquifer exists in a fractured bedrock situation where arsenic is sorbing to fracture walls.
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He believes the constructed pump and treat system will be selected as a final remedy, and
expects the system to operate for an extended period of time.
3.3.6 Gulf Power Site
Application of arsenic based herbicide to the Gulf Power Site located in Lynn Haven, Florida,
resulted in formation of a dissolved arsenic plume. Though the Gulf Power Site is not a USEPA
lead site, information was found in a soil flushing technology status report (Roote, 1998). The
plume is present in a silty fine sand aquifer where the water table averages 5 ft bgs, and is limited
in thickness to 20 ft by a one ft thick clay layer. To remediate the site, vadose zone soils were
excavated and a pump and treat system was installed. In November 1994, flushing agents were
added to the infiltrate to enhance arsenic extraction. The extraction and subsequent reinjection
rate was 10 gpm. The flushing agent added to the reinjected ground water was originally citric
acid and was then switched to a proprietary compound for unspecified reasons. Soil flushing
was reported to be very effective, increasing arsenic removal by 100 times what was expected
when using conventional pump and treat. During pilot tests, citric acid reduced the mass of
arsenic in sections of the plume by 75% in 6 months of treatment. In August 1998, site closure
was requested. Problems were reportedly encountered when trying to assure the regulatory
agency that the flushing agent was safe for injection, and the radius of influence of injection
wells was found to be smaller than expected.
3.3.7 Perham Arsenic Burial Site
The Perham Arsenic Burial site is located in Perham, Minnesota. In 1972, a drinking water well
was installed at the site to service employees of a newly constructed office building. After
multiple people became sick from drinking well water, Minnesota Department of Agriculture
collected samples from the well for analysis to discover the arsenic concentration was 12.6 mg/L.
Further investigation by USEPA discovered an arsenic ground-water plume that extended 600
feet downgradient of the site. Upon review of historical records it was discovered that the site
was used as a mixing station for lead arsenate, saw dust, and molasses to form grasshopper bait
during the grasshopper infestation of the 1930s and 1940s. In 1947, excess lead arsenate and
unused grasshopper bait were placed in a pit near the southwest corner of the site. It is reported
that between 200 and 2500 pounds of grasshopper bait were buried in the pit. In 1985, the pit
was excavated and disposed, and a clay cap was constructed over the backfilled pit. Natural
attenuation was selected to remediate arsenic that remained in ground water. Monitoring of the
natural attenuation remedy revealed arsenic concentrations were not decreasing at the specified
rate. In 1992 the plume was redefined citing a maximum concentration of 1.26 mg/L with a
horizontal extent of 600 ft by 400 ft and a vertical extent of 85 ft bgs. Adjacent properties are
zoned for community and recreational purposes. Potable water is supplied by a municipal well
system with 4 wells located at a half-mile radius of the site. In 1994, a new ROD was written
specifying a pump and treat system. The site RPM confirmed construction of the specified pump
and treat system, citing that the system has been operating since October 1998. The pump and
treat system is extracting groundwater at 100 gpm and discharging it via an infiltration gallery.
A five year review is planned in September 2003.
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3.3.8 North Dakota Arsenic Trioxide
The North Dakota Arsenic Trioxide site is a large area in southeastern North Dakota containing
twenty townships and about 4,500 people. Groundwater is used for residential consumption,
irrigation, and livestock watering. Arsenic occurrence is limited to groundwater and appears to
have two sources. These sources include naturally occurring arsenic contained in shales native
to the area and an estimated 330,000 pounds of arsenic laced bait used to control grasshopper
infestations in the 1930s and 1940s. The remedy selected in a 1986 ROD was to provide treated
water to households via a rural water distribution system. The selected remedy will provide
arsenic removal at the point of use and some houses will be hooked into a new rural water
distribution system. Institutional controls such as restrictions on existing well use, restrictions on
new well drilling, a well permitting system, and economic incentives for participation in the new
distribution system and non-use of well water were also implemented. Due to widespread
arsenic occurrence, no attempt will be made to actively remediate the aquifer.
3.3.9 Morris Arsenic Dump Site
The Morris Arsenic Dump Site is located in Stevens County, Minnesota. In the early 1940's
approximately 1500 pounds of arsenic laced grasshopper bait was buried on site. USEPA
invoked ARAR waivers through a no action remedial selection in a cost based decision citing
that arsenic was excavated and dispersed during construction of a highway making cleanup
nearly impossible. It was also noted that ground-water flow in the area of the site is away from
the small local population and levels of arsenic in the area are naturally elevated.
3.3.10 Peterson/Puritan, Inc.
The Peterson/Puritan site is an area of heavy industrial and commercial facilities located in the
towns of Lincoln and Cumberland, Rhode Island. The site includes industrial facilities in the
vicinity of Martin Street, the J.M. Mills Landfill, State and town recreation areas, interspersed
woodlands and grass meadows, wetlands, the Blackstone River and adjoining canal and the
affected municipal water supply well fields in the towns of Cumberland and Lincoln. Arsenic
was discovered in ground water at the site in 1981 when arsenic and organic content were
identified at high concentrations in the facilities wastewater. Arsenic concentrations in site
ground water on the order of 1 mg/L are attributed directly to wastewater discharges as well as
indirectly related to release by native soil in the area. Biodegradation of high concentrations of
organic matter in the ground water has caused the aquifer to be highly reductive. Reductive
conditions resulted in release of naturally occurring arsenic from native soil. A 1993 ROD
selected a remedy of soil excavation and oxidation of arsenic in ground water. The system
constructed to oxidize arsenic included a process to oxygenate municipal drinking water and a 35
ft by 65 ft infiltration gallery to deliver oxygenated water to the aquifer. The RPM for the
Peterson/Puritan Site indicated promising initial results citing localized rises in dissolved oxygen
(DO) in ground water near the infiltration basin to approximately 20 mg/L, causing dissolved
arsenic concentrations to drop below detection limits. The oxygenation process has since been
discontinued because of technology availability limitations. Without a constant supply of
oxygenated water to the aquifer, the aquifer equilibrated to its original reductive condition. The
rebound in dissolved arsenic concentration is currently being studied, and new remedial
alternatives are being considered.
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3.3.11 Coast Wood Preserving
Coast Wood Preserving is an active wood preserving facility in a rural/agricultural area near
Ukiah, California. Environmental investigations in the early 1970s discovered high
concentrations of chromium and arsenic in soil, with highest concentrations residing in the first
foot bgs. These impacts were attributed to chromium and arsenic contained in drippings from
the treated wood storage area. Further investigation revealed that only chromium is found in
ground water and it has migrated off the Coast Wood Preserving Site. Though arsenic is not
found in ground water, the chain of events that followed after the ROD was written is interesting.
The original ROD from 1989 specifies a pavement cap to reduce infiltration through impacted
soils, a cover for the wood storage area to prevent further drippings, and construction of surface
water management controls. In addition to soil controls, a slurry cutoff wall, a ground-water
extraction trench, and a ground-water extraction well were specified to reduce chromium
migration and concentration. After over 6 years of pumping and treatment, no reductions of
chromium in ground water have been observed. The potentially responsible parties convinced
USEPA to allow them to discontinue pumping and try in-situ fixation as an alternate remedy.
Using push technology, a probe was inserted into the aquifer at various locations and a solution
of calcium polysulfide was injected to reduce chromium from the mobile chromium(VI)
oxidation state to the immobile chromium(III) oxidation state. The RPM for the site indicated
that this alternate remedy has been effective, resulting in chromium concentrations below
regulatory limits; however, it is too early to predict long term performance. A change in
geochemical conditions can cause the chromium to speciate back to chromium(VI).
3.3.12 Geokinetics' European Wood Treating Facility
Limited information is available describing one field scale implementation of electrokinetics that
occurred in Europe (Cabrera-Guzman, 1990). Geokinetics, a European remediation firm
specializing in electrokinetics, demonstrated electrokinetics at a wood treating facility. Heavy
clay soil was impacted with arsenic over a 150 square meter area to a depth of 2 meters. The
electrode array contained 36 anodes (in 2 rows of 14 and one row of 8) placed vertically into the
soil at a depth of 2 meters with a mutual separation distance of 1.5 meters. After 3 months of
operation, the system achieved 75% of the remedial goals and was shut down because significant
progress towards remedial goals had ceased. Remaining hot spot areas were excavated revealing
metal objects including tins, barrels, and reinforced concrete that significantly impeded further
remediation.
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Table 7: Summary o:' Case Studies
Site Name and L ocation Site Description Remedial Project Manager Remedial' Strategy Chosen In ROD Remedial Strategy ImplemneNos
The U. S. Environmental Protection Agency UEA)n h
The Crystal Chemical site is a 6-acre tract of land located in The ground-water remed i selected in the 1990 ROD called for Texas Natural Resource Conservation ComissoTRC) canldpstlbadfedtsigidcts
Houston, Texas. Crystal Chemical Company produced etato n ramn fasnccnann rudwtr decided that restoration of ground water is teical
arsenical, phenolic, and amine-based herbicides from 1968 to The arsenic remediation goal specified in the 1990 ROD for the impracticable (TI) for portions of the CrystalCecaCopndpsiovr70mlonglnsfwtrwu
Crystal Chemical Company 1981. Operation and maintenance problems at the Crystal Chris Villarreal affected ground water zontes was 50 ug/. The 1990 ROD Superfund site. A slurry wall will be construce rudte etatdt r oaheetermdainga
Houston, Texas Chemical facility during the late 1970s resulted in several (214) 665-6758 .nlddsvrlcnignymaue htcudb portions of the site where ground water canntbmetrd h
violations of the State of Texas' environmental standards. Inimlendifaexrconndtamntstmcudnt extraction and treatment of arsenic impacted rudwtrwl
September 1981, Crystal Chemical Company filed foratinhermdto g's be implemented on the remainder of the siteaspcfeinte.
bankruptcy and abandoned the site. 1990 ROD.
The Vineland Chemical Company Site is a former manuracturer Thegplume-istvry complex, conainingsregions
of herbicides. The site contains storage facilities, a wastewater The ground water remedy slected in the 1989 ROD was to and9regionsgthaMarehinorganic.Insinorganic re
Vineland Chemical Company treatment facility, and several lagoons. Wastewater containing Matthew Westgate pump and treat ground water via chemical precipitation plumenarsenic is found sorbed tohaquifer mate
Vineland, New Jersey arsenic was discharged into unlined lagoons until 1980. (212) 637-4422 followed by reuse for soil flu hing to release arsenic sorbed to organicrreginsnthemarseic0concentrtAontis ase
Extensive arsenic impacts of soil, sediment, and ground water aquifer material. Arseniceis dischargingrthroughathe groundewate
are the result of the high solubility of salts produced at the plant.arestream ca. I fusing surfac water mpactsbe mneffective, flushing agents will be consideed
Whiinye Laortoiesisa 2-areveeriar parmcetialThe source, which was the arsenic impacted oebre o
manufacturing plant. The company manufactured veterinary .aofrthe arsenic plumedasenotachangedrsinceuit,
phamaeuicls etee 134and194 ndproucd/toedThe original ROD for the site selected an aggressive pumping A pump and treat system was installed, andhabenortg.
Whitmoyer LaboratoriesslbeasnccmonsThsieislcnitsfnu us Christopher Corbett strategy to remove ground water from the site. Extracted ground for approximately 2 years. The RPM said itistllooeryo.
Jackson, Pennsylvaniabidnsalagwatstrgvallgosoetnka (215) 814-3220 water was to be treated by an unspecified physical/chemical draw conclusions about remedial effectivenes eas ti
wase it ad ptroeu podct ppeinean mpsttin.treatment process. expected to run for decades. The only preliinayrslsh a
The area surrounding the site is agricultural/residential. receeded. ileslong, ith highestconcentraton approxi
The Industri-Plex Site covers 250 acres in North Woburn, The USEPA agreed to the responsible party's rpslt tep
Massachusetts. Between 1953 and 198 1, Merrimac Chemical an innovative clean-up approach. The presenc fbt O'sTeinvtv ehooyfie ocag q
Indusrti-plex Superfund Site Company and its successor, Monsanto Company, manufactured Joe Lemay A pump and treat system was specified in the original ROD. and arsenic led to the design of an oxygen spagn ytm h eceity eutn nn rei moii
Woburn, Massachusetts insecticides, explosives, acids, and other chemicals at the site. (617) 918-1323 goal was to volatize the VOC's and to oxygent h qie' wr lopolmiihgscleto o e
Many of the pits, piles, and lagoons on site were discovered to changing the geochemical conditions. Under h xdzn
be continuously leaching toxic metals into the environment. environment the arsenic was expected to be imblzd
The 5-acre Greenwood Chemical Site is a former chemical Ground-water impacts were addressed through the selection of The pump and treat system is currently being osrce.I sTeaufreit nafatrdbdoksti
Greenwood Chemical Company manufacturing facility in Virginia. Onsite features include Phil Rotstein an interim remedy of a pump and treat system. During expected to be operational in the near future.h P ftesrto ecaim h P niae
Greenwood, Virginia several buildings, storage sheds, a bunied drum area and seven (215) 814-3232 implementation of this interim remedy, operational data was to indicated that the pump and treat system woudbthfia sointorcuewlsadtepmpndratformer treatment lagoons. All residents within three miles of the be evaluated to develop clean up goals and a final remedial remedy. epce ooeaefra xeddpro ft
site are completely dependent on the ground water near the site, action.
To remediate the site a pump and treat system a ntle.I rei eoa y10tmswa a xet
The Gulf Power Site is not a USEPA lead site. Application of November 1994, flushing agents were added oteiflrt o cnetoa pm n ra.Drn io et
GlPoeSiearsenic based herbicide resulted in the formation of a dissolved NoRMailbeecuet enhance the arsenic extraction process. The etato n eue h aso rei nscin ftep
Lf HvnPowrie arsenic plume. The plume is in a silty fine sand aquifer where No RPM availab ledcaseit No ROD is available. subsequent reinjection rate is 10 gallons permiueThmotsftraen.IAgst19,ieclu
LynnHave, Foridhth watretalea veraesav ftrgsend s5liite inshicnesstoiisnolamUEPAeediite.fluhingagetsaded tfthureijecedagounnwatrdwaePrblem weeereortelyencouterd whn t
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Table 7: Summary of Case Studies (continued)
Site Name and Location Site Description Remedial Project Manager Remedial Strategy Chosen In ROD Remedial Strategy Implemented Notes
The Perham Arsenic Burial site is located in Perham,
Minnesota. Adjacent properties are zoned for community and Impacted soil was excavated and natural attenuation was The site RPM confirmed construction of the specified pump and
recreational purposes. Potable water is supplied by a municipal selected to remediate the arsenic that remained in the ground treat system, citing that the system has been operationg since A nned in Seember 200Perham Arsenic Burial Site well system with 4 wells located within a half-mile radius of the Timothy Prendiville water. Monitoring of the natural attenuation remedy revealed October 1998. The pump and treat system is extracting efiveer re p and etPerham, Minnesota site. Lead arsenate was buried onsite after remaining unused (312) 886-5122 that arsenic concentrations were not decreasing at the specified groundwater at 100 gallons per minute and discharging it va an
after the grasshopper infestation of the 1930's and 1940's. It is rate. infiltration gallery.
reported that between 200 and 2500 pounds of grasshopper bait
are buried in the pit.
The North Dakota Arsenic Trioxide site consists of twenty
townships in Richland, Ransom, and Sargent counties in The selected remedy including institutional
southeastern North Dakota. Ground-water use includes restrictions on existing well use, restrictions
North Dakota Arsenic Trioxide residential consumption, irrigation, and livestock watering. The No RPM was identified. The selected remedy is to provide treated water to households a well permitting system, and economictin ve or l
arsenic appears to have two sources: naturally occurring arsenic via a rural water distribution system. participation in the new distribution system and non-use of well
contained in shales native to the area; and an estimated 330,000 water was implemented.
pounds of arsenic-laced bait used to control grasshopper
infestations in the 1930s and 1940s
The Morris Arsenic Dump Site is located in Stevens County, Though arsenic is listed as the only chemical of
Morris Arsenic Dump Site Minnesota. In the early 1940's approximately 1500 pounds of No RPM was identified. No further action. No further action development of the area such as highway 
buildi
Morris, Minnesota arsenic laced grasshopper bait was buried on site. was mechanically dispersed, making remediatio
The RPM for the Peterson/Puritan Site reported
The Peterson/Puritan site is an area of heavy industrial and results, citing localized rises in dissolved oxyge
commercial facilities located in the towns of Lincoln and The system constructed to oxidize arsenic in
Peterson/Puritan, Inc. Cumberland, Rhode Island. Arsenic concentrations on the order Dave Newton A 1993 ROD selected a remedy of chemical oxidation of oxygenate municipal drinking water and a 3neartue d iltrations tordrope
Cumberland, Rhode Island of 1 mg/L are attributed directly to wastewater discharges and (617) 918-1243 arsenic in the ground water. infiltration gallery to deliver oxygenated water to the aquifer. limits. However, the oxygenation system is cur
indirectly related to release by the native soil in the area, due to and naturally reducing aquifer conditions are re
changes in the redox state of the aquifer. rebound study of arsenic conentraitons is curren
After over 6 years of pumping and treatment, no reduction of The original ROD remedy was unsuccessful i
Coast Wood Preserving is an active wood preserving facility in aAtroe 
r fpmigadtete
a rer i eoo i ali ichromium in ground water has been observed. The PRP group concentration of Chromium in the aquifer. The
rural/agricultural area three miles south of Ukiah, California. The ROD specifies a pavement cap to reduce infiltration throngl convinced USEPA to allow them to try in-situ fixation as an selected has seen excellent results, with ground
Coast Wood Preserving Since 1971, drippings containing arsenic and chromium have Mark Piros (state contact) the impacted soils. It also calls for ground-water extraction and alternate remedy. Using push technology, a probe was inserted concentrations significantly decreasing to below
found in the ground water. Chromium impacts to ground water treatment to contain the plume. into the aquifer at various locations to inject a solution of limits. The RPM also has concerns that multiplfoundminrtedgoundster.calcium polysulfide. The goal was to force all the chromium to be needed in the future to ensure that aquifer co
have migrated off site. sorb to aquifer material. conducive to the fixated chromium.
After 3 months of operation, the system achieve
remedial goals and was shut down because sign
The electrode array contained 36 anodes (in 2 rows of 14 and toadre dilglshdcsd.Teemr
Wood Treating Facility A wood treating facility with heavy clay soil was impacted with No RPM available because it No ROD is available one row of 8) placed vertically into the soil at a depth of 2
Europe arsenic over a 150 square meter area to a depth of only 2 meters. is not a USEPA led site. meters with a mutual separation distance of 1.5 meters. areas were excavated revealing metal objects ibarrels, and reinforced concrete that significant
further remediation.
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4. Comparative Model Development and Geostatistical Analysis
A numerical model was developed that simulates the main hydrologic and geologic factors
influencing ground-water flow and solute transport at the actual site. Because the model is not
calibrated to actual site data, it can not be used as a prediction tool. The model is used to
develop comparisons between the actual site and a site that is influenced by similar hydrologic
and geologic factors. The following analyses were performed using the comparative model:
i. a geostatistical analysis using site-specific arsenic concentration data;
ii. a particle tracking analysis to evaluate likely arsenic migration pathways;
iii. a capture zone analysis for the pump and treat remedial scenario;
iv. an evaluation of the laboratory study conducted to evaluate a site-specific arsenic
distribution coefficient; and
v. a fate and transport analysis for the MNA remedial scenario.
4.1 Model Description
The comparative ground-water flow model was constructed in Groundwater Vistas.
Groundwater Vistas is a graphical user interface computer program that creates data files that can
be used by the ground-water flow model, MODFLOW (McDonald and Harbaugh, 1988).
Groundwater Vistas was also used to construct data sets for the comparative transport models
MT3D (Zheng, 1990) and MODPATH (Pollock, 1989).
The comparative model simulates ground-water flow and arsenic transport over an area that is
6000 ft in the direction of ground-water flow and 3600 ft in the direction perpendicular to
groundwater flow (0.77 square miles). The model consists of 96 columns, 64 rows and 4 layers.
Columns and rows range in width from approximately 33 ft near the arsenic plume to
approximately 132 ft near the edges of the model domain. Layers are 25 ft thick and the vertical
extent of the model ranges from -60 ft MSL to 40 ft MSL. It is important to note that the upper
layer does not correspond with the actual ground surface. Representing the ground surface
would require 2 additional model layers. These layers would not contribute to the model and
only take up computer disk space and increase simulation run time because they would be dry
cells. A plan view of the model domain is shown on Figures 15 to 18 including the configuration
of model cells, layers, and calculated water table and potientiometric surfaces. The site is
located near the western model edge and can be seen on Figure 15 outlined by a green triangle.
The bedrock valley observed at the actual site was incorporated into the model as a no flow
boundary. The no flow boundary is a valid assumption because of the relatively low hydraulic
conductivity of the weathered bedrock surface previously described in Section 2.1.3.2. The
bedrock valley is illustrated on Figures 15 to 18 as blackened model cells. The valley extends
from the southwest corner to the northeast corner of the model and narrows with depth.
Water enters and exits the model through constant head boundaries set at model east and model
west. Recharge was set to zero over the entire model domain because the actual site is located in
an urban setting where infiltration is prevented by pavement. All cells in columns 1 and 2 not
designated no flow cells are assigned a constant head value of 39 ft MSL and all active cells in
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Figure 15: Comparative Model Domain (Layer 1)
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Figure 16: Comparative Model Domain (Layer 2)
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Figure 17: Comparative Model Domain (Layer 3)
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Figure 18: Comparative Model Domain (Layer 4)
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columns 95 and 96 are assigned a constant head value of 13 ft MSL. Constant head boundaries
can be seen on Figures 16 to 18. Figure 15 does not display a constant head boundary at model
west because the boundary could not be displayed on the same image as the site outline. The
boundary at model east is not displayed in layer 1 because it has a value of 13 ft MSL and the
bottom of layer 1 is located at 15 ft MSL. In place of the model east constant head boundary in
layer 1, dry cells are displayed where the water table drops below 15 ft MSL. These boundaries
create an average hydraulic gradient across the model domain of approximately 0.0043 ft/ft.
Similar to site data, the hydraulic gradient in the site vicinity is approximately 0.008 ft/ft. The
gradient is steeper near the site because hydraulic conductivity values in the site vicinity are
lower than those observed farther downgradient.
4.2 Geostatistical Analysis
4.2.1 Arsenic Distribution
A geostatistical analysis was conducted to evaluate the current distribution of arsenic at the site.
Historic monitoring data and hydropunch sampling data were used to develop a data set of
arsenic concentration with position in the aquifer. The resulting spatial data set can be seen on
Figure 19. It should be noted that the logarithm of arsenic concentration is plotted on Figure 19
instead of the measured concentration (mg/L). A log transform was performed because many of
the geostatistical methods used in this study assume a Gaussian data distribuition and the
distribution of the log-transformed data more closely resembles a Gaussian distribution than the
non-transformed data. The transformed data on Figure 19 also help to visualize the variability of
arsenic concentration in the aquifer. For example, red and green data points can be found in
close proximity. The scale bar on the right of Figure 19 indicates that a red data point
corresponds to an arsenic concentration 2 orders of magnitude greater than a green data point.
These small-scale variations make an a priori trend difficult to discern by simply looking at the
data. However, Figure 19 does suggest a trend at a scale of the size of the plume. The plume's
extent is bounded on the east, west, and north by ground-water samples nondetect (blue data
points) for arsenic. Data points representing samples with the greatest arsenic concentration (red
data points) can be found near the center of all data points. This type of distribution suggests a
parabolic trend within the data.
Kriging is a method used to obtain the best linear unbiased estimate (BLUE) for unsampled
values using sampled values and information about their spatial variability. Typical simple or
ordinary kriging methods (SK or OK, respectively) assume a stationary mean (constant mean
over the area of estimation) when estimating unsampled values at any given location (Deutsch
and Journel, 1998). In this case, the mean is not stationary, but is inferred to follow a parabolic
trend. Therefore it is necessary to use a type of kriging called universal kriging. Universal
kriging uses a trend model to separate small-scale variability from trends in the data. Computer
programs have been developed to perform universal kriging (e.g. KT3D from GSLIB [Deutsch
and Journel, 1998]). The KT3D program in GSLIB enables computation of a trend from
sampled values and can also use this trend to perform universal kriging. This is the approach
used to develop an arsenic distribution for the comparative ground-water flow and solute
transport model.
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Kriging uses information about spatial variability of the data when estimating unsampled values.
To estimate unsampled values, kriging assigns each data point a weight depending on the
covariance between all other data points. The covariance function of a data set is a function of
separation distance between sampled values and can be defined using a variogram. The kriging
weight for every sampled value is a function of the relative location of the unsampled value to
the locations of all sampled values, and the location of the sampled values themselves.
Variogram functions are typically calculated from all available data and many computer
programs are available to perform these types of calculations. However, a variogram function is
more difficult to define in the presence of an unknown trend because the variability within the
trend is the important information. For this analysis a variogram was inferred from the data, and
the sensitivity to the assumed variogram parameters was investigated.
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Figure 19: Spatial Location and Data Values Used in Geostatistical Analysis
Note: values indicated on scale bar are the log transform of arsenic concentration (ppm).
Before KT3D could be used to krige a distribution of arsenic it was necessary to krige the trend
from the data. KT3D has a feature that allows this calculation to be performed. The shape of the
trend was assumed to be parabolic over two dimensions. The trend was not kriged in the vertical
direction because there are only 3 sampled values in the deep part of the aquifer. The vertical
extent of arsenic was previously described as attenuating vertically. Therefore, the kriged
arsenic distribution is decreased an order of magnitude for each layer of increasing depth. Using
a variogram range of 100 ft and a sill of 10 the parabolic trend shown on Figure 20 was obtained.
A comparison of Figure 20 with Figure 19 illustrates that the trend represents a reasonable fit to
the data. The variogram parameters were each varied over 5 orders of magnitude without
significantly affecting the trend.
The kriged trend was then used as the trend model to estimate the actual arsenic distribution at
the site. The kriged estimate was obtained using the kriging with an external drift option in the
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Figure 20: Kriged Trend Corresponding to Arsenic Data
Note: Values indicated on scale bar are the log transform of arsenic concentration (ppm).
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Figure 21: Best Estimate of Arsenic Distribution
Note: Values indicated on scale bar are the log transform of arsenic concentration (ppm).
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GSLIB program KT3D. The resulting arsenic distribution is illustrated on Figure 21. As would
be expected Figure 21 appears as the kriged trend (Figure 20) influenced by the actual site data
(Figure 19). The anti-log of the transformed distribution was calculated indicating that estimated
concentrations in layer 1 are similar to actual data, ranging from approximately 10 mg/L to
nondetect. Reducing the concentration by one order of magnitude for each layer with increasing
depth, the concentration will be only slightly above nondetect levels in the third layer of the
comparative model. Output from KT3D is in list form and cycles through a specified grid
format, enabling a spreadsheet program such as Microsoft Excel to accept output files directly.
This is convenient because the output from KT3D can be modified easily in Excel to conform to
an automated input file that Groundwater Vistas can accept. The initial arsenic distribution was
input into Groundwater Vistas and is illustrated for layer 1 on Figure 22. The estimated
concentration of arsenic can be integrated over the entire impacted area to estimate the total
amount of arsenic in solution at the site. This calculation was relatively simple to perform in
Excel. The volume of each cell was calculated and multiplied by the site-specific average
porosity (0.22) and the concentration of arsenic. The total mass of arsenic in solution at the site
is estimated to be approximately 70 pounds. It is important to note that the total amount of
arsenic present at the site is significantly higher than 70 pounds; however, the majority of it is
sorbed to aquifer material.
Figure 22: Arsenic Distribution Used in the Ground-Water Flow and Transport Model
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4.2.2 Hydraulic Conductivity
Hydraulic conductivity measurements were obtained from slug tests performed in individual
monitoring wells on-site and in three off-site well clusters. Values of hydraulic conductivity
measured from these tests range from 0.15 ft/day to 100 ft/day. This large range is typical of
glacial till deposits and appears representative for the site as a whole. Geostatistical methods are
often used to develop hydraulic conductivity fields for numerical models. OK or SK methods
are simple tools that can be used to develop a first approximation of a site-specific hydraulic
conductivity field. Similar to the arsenic kriging example, a variogram is also needed to krige
hydraulic conductivity fields. The experimental variogram for hydraulic conductivity
measurements at the site is shown on Figure 23. The experimental variogram shows that very
little spatial correlation can be inferred between measurements at the site. The behavior of the
variogram is erratic indicating that hydraulic conductivity measured at a relatively short distance
from an unsampled location is not any more likely to predict the hydraulic conductivity at that
location than a point much farther away. This type of system is not well suited to kriging
methods. Furthermore, the heterogeneity of a glacial till aquifer would be expected to cause
large variations in hydraulic conductivity with separation distances on the order of only a few
feet. Because the smallest cell in this model is over 30 ft wide, it can not accurately represent
this type of variability.
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Figure 23: Experimental Variogram Computed with Hydraulic Conductivity Data
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Methods have been developed to evaluate hydraulic conductivity under highly heterogeneous
conditions. The method used for this study uses the concept of effective hydraulic conductivity.
The effective hydraulic conductivity of a heterogeneous deposit can be calculated using the
following equation (Gelhar, 1993):
Keff = e+ a /2
where:
Keff = effective hydraulic conductivity [IT];
Y = mean of log(individual measured hydraulic conductivity [IT]); and
a = standard deviation of log(individual measured hydraulic conductivity [IJT]).
An effective hydraulic conductivity of 7.89 ft/day was computed for the site vicinity. This
calculation excludes high hydraulic conductivity measurements measured off-site and
downgradient because hydraulic conductivity appears to increase with increasing downgradient
distance. A separate effective hydraulic conductivity calculation was performed for the
downgradient off-site area resulting in an effective hydraulic conductivity of approximately 22
ft/day. This type of trend is also supported by water levels measured in monitoring wells. The
observed hydraulic gradient near the site is approximately 0.008 ft/ft. This observed hydraulic
gradient can be used to calculate hydraulic head in off site monitoring wells. This type of
calculation yields a head of approximately 9 ft MSL in the furthest downgradient monitoring
well cluster; however, the observed head in that cluster is approximately 22 ft MSL. The
average hydraulic gradient across the model domain is 0.0043 ft/ft. An increase in hydraulic
conductivity with increasing downgradient distance logically explains the observed increased
hydraulic gradient in the vicinity of the site and the observed decreased hydraulic gradient
downgradient of the site.
4.3 Particle Tracking Analysis
The comparative flow and solute transport model was used to simulate advective movement of a
particle of ground water. It is important to note that this does not correspond to the transport of
dissolved phase constituents. The transport of dissolved phase constituents includes effects of
dispersion, diffusion, and adsorption, which alter the ultimate travel path of a constituent and the
concentration of the constituent at a given location. Figure 24 presents a cross sectional and plan
view of the particle track for the comparative ground-water flow and transport model. The
particle track was generated using MODPATH (Pollock, 1989). The time scale of ground-water
flow is depicted using arrows at one year time increments and are labeled at 10 year time
increments. The particles originate from the area of impact in layer 1 and exit the model domain
through the eastern constant head boundary in layer 2. The particle flow is estimated at 42 years
from the impacted area to the edge of the model domain. This indicates an average ground-water
velocity of approximately 0.25 ft/day.
4.4 Capture Zone Analysis
MODPATH (Pollock, 1989) was used to track particles under the influence of a capture zone
created by a pump and treat remedial scenario. Particles were placed around the entire extent of
the area of impact developed during the geostatistical analysis and in each of the impacted layers.
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Five pumping wells were simulated in the comparative ground-water flow and solute transport
model with a combined pumping rate of 13 gpm. Simulated locations and pumping rates for
these wells are listed in Table 8.
The pump and treat alternative was also simulated using MT3D. Computer memory limitations
prevented simulation past 275 years. Therefore, remedial goals were not achieved under
simulation of the pump and treat alternative.
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Figure 24: Particle Traces of Particles Released from Within Impacted Area
Table 8: Pumping Well Summary
Well Layer Row Column Pumping
Number Number Number Number Rate
Well I Layer 1 35 42 3
Well 2 Layer 1 35 55 2
Well 3 Layer 1 45 52 2
Well 4 Layer 3 40 48 3
Well 5 Layer 3 33 50 3
11I
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Figure 25 shows particle tracks in cross sectional and plan views for all particles placed in the
impacted area. Because particles were placed around the entire outline of the area of impact, and
all particles exit the model domain through pumping wells, the pumping well network simulated
in the comparative ground-water flow and solute transport model is effective at developing
capture zones. Similar to the particle track analysis, capture zones developed with MODPATH
do not account for effects of dispersion, diffusion, and adsorption, which alter the ultimate travel
path of a constituent and the concentration of the constituent at a given location.
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Figure 25: Total Particle Traces Showing Capture Zone Due to Pumping
4.5 Laboratory Study Evaluation
A laboratory study was conducted in 1992 to evaluate arsenic sorption at the site and to estimate
a site-specific distribution coefficient for arsenic. As described in Section 2.2.3, arsenic sorption
at the site was found to follow the Freundlich Isotherm with a distribution coefficient of 14.39
mIJg and a fitting parameter of 1.07. A retardation factor can be calculated based on this study
to estimate migration distances. Traditionally, retardation factors are calculated assuming linear
sorption coefficients using the following equation:
R = 1+ (pb/n) * Kd
where:
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R = retardation factor;
Pb = soil bulk density [M/IL3
n = porosity; and
Kd= linear distribution coefficient [L3/M].
Assuming Freundlich adsorption behavior, the retardation equation becomes:
R = 1+ (pi/n) * Kf * Caq-N
where:
Kf = Freundlich distribution coefficient [L3 M];
Caq = aqueous solute concentration [M/IL3]; and
N = Freundlich fitting parameter.
The Fruendlich retardation equation can be used to estimate a retardation factor based on the
laboratory study and site-specific values. Using site-specific values for bulk density (2.2 g/L 3 ),
porosity (0.22), and aqueous concentration (0.010 g/L), an estimate of 200 is obtained for the
retardation factor. Assuming the insecticide manufacturing facility began discharging arsenic
containing wastewater in 1919, the predicted migration distance of arsenic with a retardation
factor of 200 is approximately 40 ft downgradient.
Two scenarios have been developed as limiting cases for arsenic transport at the site. The
insecticide manufacturing facility operated between 1919 and 1946; however, accurate
wastewater discharge records are not available. Maximum retardation values will be observed if
it is assumed that the manufacturing facility produced and discharged all of its wastewater in its
first year of operation, 1919. Minimum retardation values will be observed if it is assumed that
the manufacturing facility produced and discharged all of its wastewater in its last year of
operation, 1946.
The maximum and minimum retardation scenarios were simulated using MT3D (Zheng, 1990).
An injection well injecting wastewater to the subsurface at a rate of 1 gpm and an arsenic
concentration of 1.33e-4 pounds of arsenic per gallon would deliver the total estimated mass of
arsenic (70 pounds) into the aquifer. Simulated wastewater injection was terminated after one
year and the model was run until the arsenic plume appeared similar to the current arsenic
distribution at the site. This happened in approximately 893 days (2.45 years). The maximum
retardation can be calculated as the ratio of plume migration velocity obtained with the model to
the observed plume migration velocity assuming a migration time of 75 years. The modeled
migration speed is 0.28 ft/day. The actual migration distance observed at the site is
approximately 250 ft implying a plume velocity of 0.009 ft/day. The estimated retardation factor
for this scenario is approximately 31. The minimum retardation can also be calculated as the
ratio of plume migration velocity obtained with the model to the observed plume migration
velocity. Using a migration time of 48 years, the plume migration velocity for the minimum
retardation scenario is found to be 0.014 ft/day. The estimate for minimum retardation is
approximately 20. These two scenarios provide an upper and lower bound to the retardation
factor observed at the site. Therefore, it can be concluded that adsorption behavior predicted by
the laboratory experiment significantly overestimates the sorption observed at the site.
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To evaluate which scenario better represents the conditions observed at the site each scenario
was simulated with its respective retardation factor. Results of this analysis were inconclusive
because simulation of both scenarios yielded arsenic plumes with nearly identical arsenic
distributions and concentrations.
4.6 Fate and Transport Analysis
MT3D (Zheng, 1990) was used to perform a fate and transport analysis for arsenic at the
modeled site. The minimum retardation scenario was used to develop a worst case scenario for
the fate and transport analysis because the largest migration distances are observed with
minimum retardation. Assuming linear sorption, a distribution coefficient can be calculated
using the equation linear retardation factor equation. The estimated value for Kd from this
calculation is 1.9 mUg. Total mass of arsenic at the site can be estimated by using the
retardation factor to scale the mass of arsenic present in the ground water:
Mt = R * Maq
Mt = {1 + [(pb/n) * Kd]} * Maq
where:
Mt = estimated total mass [m]
Maq = estimated aqueous mass [M]
The aqueous mass was estimated during the geostatistical analysis as 70 pounds. Therefore, the
total mass of arsenic present at the site is estimated at 1400 pounds. It is interesting to note that
over 95% of the estimated arsenic present at the site is present sorbed to aquifer material.
The calculated distribution coefficient was input into Groundwater Vistas and MT3D was run
with the initial arsenic distribution obtained from the geostatistical analysis. Without the
influence of pumping wells, this simulation represents the MNA remedial alternative. Due to
limited memory available for computer simulations, the maximum timeframe that could be
considered for this analysis was approximately 275 years. The area of the plume containing the
highest arsenic concentration migrated approximately 1250 ft over 275 years. The highest
simulated concentration after a 275 year stress period is approximately 5 mg/L.
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5. Site-specific Analysis of Identified Technologies
The following section analyzes the feasibility of remedial scenarios to achieve site-specific
remedial goals. In accordance with USEPA's "Guidance for Conducting Remedial
Investigations and Feasibility Studies Under CERCLA" (USEPA, 1998) nine criteria are used to
evaluate each potentially applicable technology. The nine criteria include:
i. overall protection of human health and the environment;
ii. compliance with ARARs;
iii. long-term effectiveness and permanence;
iv. reduction of toxicity, mobility, or volume;
v. short-term effectiveness;
vi. implementability;
vii. cost;
viii. state acceptance; and
ix. community acceptance.
The latter two criteria will not be evaluated in this report, but will be evaluated when the ROD
for this site is written. The seven remaining criteria will be evaluated for each identified
technology using information gathered during the literature review and using site-specific data.
5.1 Description of Evaluation Criteria
Before the seven evaluation criteria can be used to compare and select a remedy, it is necessary
to develop an understanding of each individual criterion. The following section describes factors
that each criterion should consider. A complete description of criteria can be found in the
previously cited USEPA guidance document.
5.1.1 Overall Protection of Human Health and the Environment
Though overall protection of human health and the environment is the first criterion to be
considered, it is actually a review that checks all other criteria are satisfied. It draws on the other
evaluation criteria, most importantly long term effectiveness and permanence, short term
effectiveness, and compliance with ARARs. This section should describe if adequate protection
is achieved through the remedial alternative chosen. It should also describe how the treatment,
engineering, or institutional controls address site risks.
5.1.2 Compliance with ARARs
The ability of a remedial alternative to meet all of the federal and state ARARs will be addressed
in this section. If the remedial alternative will not meet all ARARs, grounds for justifying a
waiver should be discussed. For the purposes of this analysis, ARARs will be taken to be the
arsenic GWQS (0.008 mg/L).
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5.1.3 Long Term Effectiveness and Permanence
This evaluation criterion addresses the risk remaining at a site after completion of remedial
objectives. This is accomplished by considering the controls required, treatment residuals,
and/or untreated wastes. It includes assessing the reliability of containment systems and
institutional controls to ensure human and environmental receptors are not exposed to unhealthy
levels. It also includes an assessment of remedial components that may need periodic
replacement.
5.1.4 Reduction of Toxicity, Mobility, or Volume
Regulatory agencies prefer that the chosen remedial alternative permanently and significantly
reduce the toxicity, mobility, or volume of the chemical of concern. This criterion should
specify how and to what extent the toxicity, mobility, or volume of hazardous substance is
reduced, the degree of treatment irreversibility, and whether the remedy satisfies the statutory
preference for treatment as a principle element.
5.1.5 Short Term Effectiveness
This evaluation criterion evaluates the effects of the chosen alternative on the time scale of the
remedy implementation. Specifically, this criterion considers the protective measures to be taken
for protection of the community and workers. It evaluates the potential for adverse
environmental impacts resulting from implementation and provides an estimate of time required
to achieve remedial objectives.
5.1.6 Implementability
The three factors that are considered when evaluating the implementability of remedial
alternatives are technical feasibility, administrative feasibility, and the availability of services
and materials involved during implementation. Technical feasibility includes the assessment of
construction and operation difficulties and unknowns, technology reliability, and compatibility
with future remedial operations at the site. Administrative feasibility refers to the ability to
obtain building permits, well permits, property access permits, etc. Availability of services and
materials includes the ability to find vendors for the chosen technology, necessary equipment and
specialists, and offsite treatment, storage, or disposal facilities.
5.1.7 Cost
RAA cost estimates are expected to provide an order of magnitude cost estimate to evaluate
relative cost between remedial alternatives. An error of +50% to -30% is commonly observed
for RAA cost estimates. Cost estimation methods should be well documented to enable the
reader to develop a feel for the accuracy of the estimate.
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5.2 Pump and Treat
The pump and treat remedial alternative was described in Section 3.1.1. The comparative site
model was used to simulate a pump and treat system for the actual site. The specific pump and
treat system studied for this RAA included 5 extraction wells. The total pumping rate of the
system developed using the comparative ground-water flow and solute transport model is 13
gpm (approximately 18,700 gallons per day). It should be noted that no attempt was made to
optimize this network of pumping wells. The pumping well network and flow rates were altered
in a trial and error fashion to arrive at solution whereby the entire arsenic plume would be
arrested by the capture zone of the remedial system. If selected, optimal pumping well
configuration and pumping rates will be evaluated during final design. The capture zone
resulting from these pumping wells is illustrated on Figure 25. The ex-situ treatment process
would likely include chemical precipitation, filtration, and ion exchange.
5.2.1 Overall Protection of Human Health and the Environment
Though successful remediation of the aquifer to GWQS in unlikely, a pump and treat system
prevents migration by hydraulic containment thereby reducing the potential risk for arsenic to
reach downgradient receptors. Extraction of ground water would provide hydraulic containment
preventing further downgradient advective migration of impacted ground water. It should also
be noted the potential risk is currently minimal because there is a lack of receptors. Ground
water in the overburden aquifer is not currently a source of potable water because it is located in
an urban region where ground water is classified as unfit for drinking. Also, the water table is on
average 35 ft bgs in the site vicinity, hence there is no possibility for human contact of impacted
ground water unless it is extracted for consumption. Extraction as an exposure pathway will be
prevented through institutional controls such as deed and well restrictions. A monitoring
program would also be designed to monitor containment and reduction of arsenic.
5.2.2 Compliance with ARARs
Though pump and treat technology provides for arsenic removal from the aquifer, attainment of
ARARs is not likely. If operated for a timeframe long enough to overcome rate limited mass
transfer caused by aquifer heterogeneity it is theoretically possible to achieve ARARs. However,
recent accounts of pump and treat systems indicate finite mass recovery, citing aqueous
concentrations that level off above ARARs. Ex-situ treatment of ground water can be designed
to meet effluent restrictions (either specified by NPDES permitted effluent limits or pretreatment
requirements), preventing surface water impacts. Sludge or spent resins formed from the ex-situ
treatment process would be properly transported and disposed or regenerated.
5.2.3 Long Term Effectiveness and Permanence
Pump and treat can potentially reduce the concentration of arsenic in site ground water because
arsenic is actually removed from the aquifer. However, sorption and rate limited mass transfer
make ARAR attainment unlikely resulting in long term exceedance of GWQS. Remedial goals
may appear to be achieved after system implementation; however ground-water monitoring
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would be required after system shut down to verify that the aqueous concentration of arsenic
does not rebound due to diffusion from low conductivity areas within the heterogeneous deposit.
5.2.4 Reduction of Toxicity, Mobility, or Volume
Conventional pump and treat technology does not provide any reduction in toxicity. However,
arsenic's downgradient mobility will be reduced due to induced gradients in the direction of
pumping wells. A properly designed and operated pump and treat system will develop a capture
zone extending over the entire impacted area. As groundwater is pumped through the system
and arsenic has the opportunity to desorb from aquifer material, the volume of impacted ground
water will slowly be reduced. Ground-water extraction and arsenic's subsequent treatment is
irreversible and satisfies statutory preference for using treatment as a principal element of the
remedial process.
5.2.5 Short Term Effectiveness
Installation of the pump and treat system requires conventional drilling and plumbing techniques.
No unacceptable risks for workers or the surrounding community should be involved. The
remedial timeframe can be estimated using the equations presented in Section 3.1.1 and site-
specific data estimated during analysis performed using the comparative ground-water flow and
solute transport model. The mixed reactor approach results in an estimate of 144 pore volumes
of ground water to be flushed to obtain remedial goals. A flow rate of 13 gpm and total volume
of impacted ground water of 28.7 million gallons, the predicted remedial time frame is over 600
years. It was necessary to use a relatively low flow rate because flow rates of individual wells
greater than 3 gpm caused relatively large simulated drawdown in pumping wells. Six hundred
years to achieve remedial goals is a prohibitively excessive remedial timeframe. As previously
described, the pump and treat alternative was considered as the active base case because it was
not expected to perform in a short remedial timeframe.
5.2.6 Implementability
Despite implementation of pump and treat systems at numerous hazardous waste sites throughout
the country, the feasibility of a pump and treat system to achieve ARARs in the setting of a
glacial till aquifer where arsenic is heavily sorbed to aquifer material is not technically
practicable. Well heads and associated equipment on the surface will impede the installation of
an impermeable cap. Also, due to the direction of groundwater flow in the vicinity of the site,
wells and associated equipment would need to be installed on property adjacent to the site. The
adjacent property is paved and actively used as a trucking facility, leading to administrative
unfeasibility. In general, the construction of pump and treat systems is routine. Necessary
materials, equipment, specialists, and contractors are usually available, and the system can be
designed to allow for expansion in the event that the actual design flow rate does not supply
adequate containment.
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5.2.7 Cost
A cost estimate for a similar system developed by BCM (1992) was estimated to be $3,600,000.
This cost included equipment procurement and associated construction and engineering fees. An
operating cost for the system was not included in the estimate. Annual operating cost for a pump
and treat system were estimated by Mann et al. (1993) to be $1,400,000 million. USEPA
recommends using a 30 year project life and an interest rate of 5% to perform present worth cost
analyses. Using the recommended method the present worth of this option is estimated to be
$23,600,000.
5.3 Monitored Natural Attenuation
A general description of the MNA alternative has been presented in Section 3.1.2. The
comparative model was also used to simulate MINA under conditions similar to those found at
the actual site. The comparative model shows an arsenic plume under a similar hydrogeologic
and geochemical environmental setting would migrate approximately 1250 ft over the next 275
years. Therefore, implementation of MNA at this site would require development of the current
ground-water monitoring plan into a long term monitoring plan.
5.3.1 Overall Protection of Human Health and the Environment
Though MNA does not provide any engineering controls to prevent potential risks to human
health and the environment, the potential risk is low because the ground water in the site vicinity
is not currently used as a drinking water source. Also, significant effects of natural attenuation
are present at the site currently reducing potential risk. For example, the observed gradient
between the bedrock aquifer and the impacted overburden prevents arsenic from reaching the
bedrock aquifer, which can be used as a potable water source. It is also obvious that retardation
significantly affects arsenic migration at the site owing to the fact that the plume has migrated
between 500 ft and 600 ft in approximately 75 years. As shown in the particle tracking analysis
the same amount of time would have allowed an unretarded particle to travel over 7500 ft. It
also important to note that the site will be capped, further reducing plume migration and minor
residual arsenic sources remaining after the source area was excavated. Because the water table
averages 35 ft bgs, there is no possibility for human contact with impacted ground water unless it
is extracted for consumption. Extraction as an exposure pathway will be prevented through
institutional controls such as deed and well restrictions.
5.3.2 Compliance with ARARs
MNA will result in arsenic remaining in the ground water, creating the need for ARAR waivers.
ARAR waivers are justified because data indicate the occurrence of significant natural
attenuation processes preventing exposure. Because ground water will not be extracted, no other
permits (such as discharge permits, injection permits or construction permits) will be required.
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5.3.3 Long Term Effectiveness and Permanence
Though arsenic impacted ground water will remain on site without engineered treatment, natural
processes are controlling plume migration and further detrimental effects on potable sources. As
fresh ground water travels through the plume it will naturally reduce the concentration of arsenic
through natural attenuation mechanisms such as dispersion and dilution. Although dispersion
and dilution do not fulfill the regulatory preference for treatment, they are irreversible processes.
Because ground water may remain above regulatory standards for a relatively long time, long
term monitoring and institutional controls will need to be implemented. Monitoring is also
required to track the effectiveness of natural attenuation processes and aquifer conditions
because changes in aquifer pH or oxidation conditions can trigger significant migration of
arsenic. A review of natural attenuation effectiveness will be conducted at least every 5 years to
verify that the remedy continues to provide adequate protection of human health and the
environment. To satisfy regulatory preference, a contingent remedial approach should also be
available to account for a scenario where natural attenuation fails to meet protection standards.
5.3.4 Reduction of Toxicity, Mobility, or Volume
There are no engineered reductions of toxicity, mobility, or volume provided by MNA to satisfy
the statutory preference for treatment. However, as previously described, natural processes are
already in place that significantly reduce arsenic toxicity, mobility, and volume. Natural
attenuation processes for heavy metals have been recognized by the federal government. Sandia
National Laboratories and the United States Department of Energy published a report describing
how these natural attenuation parameters can be used to satisfy regulatory requirements for
heavy metal impacts (Brady and Borns, 1997).
5.3.5 Short Term Effectiveness
Because no active remediation would take place at the site, no remedial activity related risks to
workers or the surrounding community would be encountered. As previously mentioned, the
water table is on average 35 ft bgs eliminating the potential for exposure to the impacted ground
water. The remedial timeframe is expected to be relatively long. The fate and transport analysis
was conducted with a timeframe of 275 years, with the result of arsenic impacts remaining at the
site and downgradient.
5.3.6 Implementability
A site monitoring plan is currently in place, requiring no or minor changes to become a long term
monitoring plan. With no need for construction, implementation restrictions are not expected.
ARAR waivers would need to be obtained and institutional controls such as deed and well
restrictions would need to be placed; however, both are justified and can be obtained from the
proper regulatory agencies. Implementation of MNA would allow any future remedial actions to
be implemented without impediment.
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5.3.7 Cost
There is no capital cost associated with the implementation of MNA. The only associated costs
are the operational costs of monitoring. From prior monitoring conducted at the site, operational
costs are estimated at $40,000 per year. The present worth of the MNA remedial alternative is
$615,000.
5.4 Soil Flushing
The soil flushing remedial alternative was generally described in Section 3.1.3. The site-specific
configuration would be similar to the well network used when analyzing the pump and treat
remedial alternative. Though no attempt was made to numerically model the soil flushing
remedial alternative, it is estimated that the same number of injection wells as pumping wells
would be required to inject the chemically enhanced water. This estimation is based in the fact
that values of hydraulic conductivity obtained from the site using both rising head and falling
head tests were comparable. The injection wells would be installed in an array similar to that
shown on Figure 8. This figure illustrates injection wells upgradient of the impacted area
allowing the natural gradient to carry flushing agent through the zone of impact. The ex-situ
treatment process would use components similar to those of the conventional pump and treat ex-
situ process; however an additional unit process may be needed to account for addition and/or
removal of flushing agents.
5.4.1 Overall Protection of Human Health and the Environment
The soil flushing remedial alternative attempts to overcome the aquifer's high sorption capacity
for arsenic through injection of a flushing agent. While the ultimate goal of soil flushing is to
reduce potential health risks through removal of arsenic from the aquifer, the intent of flushing
agents is to mobilize arsenic before it is removed. Mobile arsenic potentially increases the risk
of migration to potential receptors. Because natural or engineered controls such as clay layers or
containment walls are not available to prevent uncontrolled migration, protection of human
health and the environment can not be guaranteed. Institutional controls would need to be placed
on the ground water to prevent human exposure.
5.4.2 Compliance with ARARs
Assuming that all arsenic forced into solution is recovered, ARARs may be met. Similar to the
pump and treat remedial alternative, it is likely that heterogeneity will inhibit successful
attainment of ARARs. Remedial success would need to be evaluated through ground-water
monitoring. The ex-situ treatment process would be designed to meet effluent restrictions of a
NPDES permit or pretreatment standards for a local POTW. Sludge or spent resins generated
during the ex-situ treatment process would be properly transported and disposed or regenerated.
5.4.3 Long Term Effectiveness and Permanence
Arsenic is removed from the aquifer under the influence of a soil flushing remedial system.
However, potential human health risks posed by ingestion of arsenic impacted ground water may
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actually increase because mobilized arsenic will be difficult to recover. As previously
mentioned, removal of arsenic from the aquifer does not imply that ground water from the
overburden aquifer in the site vicinity is potable, owing to the aquifer's urban setting. Similar to
pump and treat technology, arsenic diffusion from low conductivity areas within the
heterogeneous overburden may result in apparent attainment of remedial goals. However, after
pumping is ceased, the aqueous concentration may rebound upon equilibrium with sorbed
arsenic. If chosen as a remedial solution, soil flushing would require a long term ground-water
monitoring plan to monitor effects of this concentration rebound.
5.4.4 Reduction of Toxicity, Mobility, or Volume
Soil flushing will actually increase the toxicity and mobility of arsenic in ground water.
Chemicals are added to the reinjected water with the sole purpose of increasing the mobility of
arsenic. More specifically, certain flushing agents act to change the speciation of arsenic(V) to
the more mobile arsenic(III). Arsenic(III) is also more toxic to humans than the relatively
immobile arsenic(V). If the plume can be contained, pumping will reduce the volume of arsenic
impacts. Because arsenic is actually removed from the aquifer, the remedy is irreversible and
satisfies the statutory preference for treatment.
5.4.5 Short Term Effectiveness
Soil flushing can create several risks to the surrounding community, environment, and workers.
The addition of mobility enhancing chemicals to the aquifer creates a situation amenable to
arsenic migration out of the capture zone of the collection system. Depending on the type of
chemical added prior to reinjection, flushing agents may themselves be toxic to humans. Thus,
complete capture is duly important. Worker safety is also a concern with soil flushing. Workers
need to be aware of the dangers of storing and handling concentrated flushing agents. Violent
chemical reactions may occur upon application of flushing agents to the aquifer creating a
dangerous situation for on site workers and the immediate community. Uncertainty in complete
capture is greatly increased in heterogeneous aquifers such as this glacial till aquifer. Time
required to achieve ARARs can not be accurately assessed until bench/pilot scale treatability
tests are conducted using potential flushing agents and actual saturated soil from the site. One
case study reported a remedial timeframe of under one year for the soil flushing of arsenic
impacted ground water.
5.4.6 Implementability
The likelihood of remedial success using soil flushing to remediate arsenic impacted ground
water is not certain. No laboratory studies were identified where arsenic was a target chemical,
leaving factors such as remedial efficiency and optimal flushing agent type and concentration in
question. Successful application of soil flushing at the Gulf Power Site involved a confining
layer present at 25 ft bgs, to prevent vertical escape of arsenic and an impermeable wall
constructed around the impacted area and keyed into the confining unit. This type of isolation is
not possible at the site due to the depth and complexity of the bedrock surface. Similar to the
pump and treat scenario, downgradient access to the plume is administratively restricted due to
an active trucking company occupying the neighboring site. An infiltration gallery, well heads,
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or associated surface support are not feasible due to pending construction of an impermeable cap
for the site.
5.4.7 Cost
The present worth of applying soil flushing to remediate aquifers impacted with metals is
expected to be similar to that of a pump and treat system. Added cost will be encountered
because additional chemicals are used as flushing agents. The total present worth of this soil
flushing alternative can be estimated to be $25,100,000. This cost includes $100,000 a year for
flushing chemicals (Mann et al., 1993).
5.5 Electrokinetics
A non site-specific description of electrokinetic remediation was given in Section 3.1.4.
Electrokinetic remediation at the site would include installation of a network of electrode wells
configured on a grid across the site with a separation distance between 1.5 meters and 3 meters.
At this separation distance thousands of electrode wells would be required to cover the extent of
arsenic impacts at the site.
5.5.1 Overall Protection of Human Health and the Environment
The overwhelming implementability restrictions encountered with electrokinetics make overall
protection of human health and the environment unlikely. If chosen for implementation
electrodes placed in the aquifer would induce electroosmotic flow and electromigration of
arsenic to collection points for removal from the aquifer. The potential for arsenic migration
would be significantly reduced, preventing the possibility for human ingestion and further
environmental degradation. During the actual remediation process, human exposure to impacted
ground water is conceivable only upon extraction. Therefore, extraction as an exposure pathway
will be prevented through institutional controls such as deed and well restrictions.
5.5.2 Compliance with ARARs
ARAR attainment is not likely under the electrokinetic remedial scenario. Significant
implementability restrictions can not be overcome. Electrokinetic remediation has not been
successfully completed at the pilot or field scale.
5.5.3 Long Term Effectiveness and Permanence
Successful implementation of electrokinetic remediation is unlikely. Unsuccessful remediation
will result in arsenic remaining in site ground water. Therefore, electrokinetics will not be
effective in the long term and does not offer permanent treatment.
5.5.4 Reduction of Toxicity, Mobility, or Volume
The electric field applied to the aquifer may cause significant local increases in the mobility of
arsenic. The changes in pH near the electrodes may also trigger arsenic to change from the +V
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oxidation state to the more toxic +I oxidation state. Although toxicity and mobility may be
increased, the influence of the electrode array will not extend past the influence of the electric
field. Therefore an increase in potential risk is not expected. Arsenic is removed from the
aquifer by pumping at cathodic wells, hence the volume of impacted ground water would be
expected to decrease during system operation. Electrokinetic remediation is active remediation,
satisfying the statutory preference for treatment.
5.5.5 Short Term Effectiveness
The significant risk involved with electrokinetics its use of electrical power. Though most
remedial solutions require electricity to drive remedial equipment, electrokinetics applies
electricity directly to the aquifer. Workers need to take special care when performing operation
and maintenance on this type of remedial system. It is also important to post signs in the vicinity
of the electrode array warning the community of the electrical dangers associated with the
system. Time to attain ARARs can only be accurately estimated after site-specific lab and pilot
treatability studies are completed. This is due to the lack of research available for remediation of
arsenic using electrokinetics and the significant effects soil type has over the behavior of
electrokinetic phenomena. As a point of comparison, the Geokinetics' remedial demonstration
of electrokinetics achieved 75% of remedial goals in 3 months.
5.5.6 Implementability
The literature review did not locate any successful field or lab scale remedial demonstrations of
electrokinetic remediation of arsenic in ground water. The only field scale implementation of
electrokinetics took place in Europe. This demonstration involved arsenic in near surface soils
and an area only a fraction of the size of this site, raising significant questions about the
reliability of electrokinetics at this site. Arsenic at the site is located at the water table
(approximately 35 ft bgs) and below. Implementation is also administratively and technically
hindered by the need to place thousands of electrode wells throughout the impacted area
including the neighboring active trucking facility and in the area that is scheduled to be capped.
As a comparison, the Geokinetics remedial setup contained 36 anodes (associated number of
cathodes was not specified) in an area covering less than 1% of the area at the site. It should also
be noted that the Geokinetics experiment only achieved 75% of their remedial goals.
5.5.7 Cost
Lack of field application of electrokinetics prevents development of accurate cost estimates. The
minimum cost of implementing electrokinetics at the site is expected to be much greater than the
pump and treat alternative. Considering only installation of the associated pump and treat
system, the present value can be estimated using the same present value as the pump and treat
alternative, $23,600,000. This cost estimate does not include capital or operating costs for any
part of the electrokinetic enhancement. Installation of thousands of electrode wells would cost
millions more than any previously described remedial strategy.
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5.6 In-situ Fixation
A general description of in-situ fixation was presented in Section 3.1.5. Similar to the
application of in-situ fixation at the Coast Wood Preserving Site, in-situ fixation at this site may
include injection of a fixation chemical by push technology. A portable probing device may be
used to push an injection probe into the impacted areas of the aquifer. Bench and field scale tests
can be conducted to evaluate design parameters such as optimal fixation chemical and its
respective concentration, radius of influence of each injection point, and required time between
injections.
5.6.1 Overall Protection of Human Health and the Environment
In-situ fixation creates subsurface conditions favoring arsenic immobilization. Current
conditions at the site favor arsenic immobilization, and limited remedial gains would be
expected. Therefore, minimal protection of human health and the environment would be
expected above the MNA remedial alternative.
5.6.2 Compliance with ARARs
ARARs concerning ground water can only be achieved if arsenic can be forced to become
immobile. If implemented, an injection permit would be obtained to comply with regulations
concerning the uncontrolled injection of chemicals into the aquifer. Other permits such as a
NPDES permit or construction permits are not required for in-situ fixation because ground water
will not be extracted for treatment and no construction is required.
5.6.3 Long Term Effectiveness and Permanence
The in-situ fixation remedial alternative does not remove arsenic from the aquifer, it merely
serves to reduce the concentration of arsenic in ground water, effectively increasing the
concentration of arsenic sorbed to aquifer material. The process may not result in a permanent
solution. After injection of fixation chemicals, it is probable that the aquifer will return to its
natural state, and the concentration of arsenic in ground water may rebound to pretreatment
conditions. This conclusion is supported by the Peters/Puritan case study presented in Section
3.3.10, where the aquifer returned to its natural reductive state after injection of oxygen rich
water ceased. It will be interesting to see results of the ongoing rebound study at the
Peters/Puritan site to evaluate if precipitated arsenic is stable under original reductive conditions.
5.6.4 Reduction of Toxicity, Mobility, or Volume
As previously described, most arsenic present at the site exists in the +V oxidation state.
Injection of fixation chemicals may force a negligible amount of arsenic(II) to speciate to
arsenic(V). The geochemistry of arsenic described in Section 2.2.2, concluded that arsenic(V) is
less mobile and less toxic than arsenic(III). The total volume of arsenic impacts would not be
reduced due to the fact that in-situ fixation is only a transfer process because arsenic is not
removed from the aquifer. Ground water is treated with chemicals, satisfying the statutory
preference for treatment; however, the treatment may not be permanent.
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5.6.5 Short Term Effectiveness
Injection of fixation chemicals may be dangerous to both the workers and the surrounding
community. Because in-situ fixation is an oxidative process [oxidizing arsenic(III) to
arsenic(V)], strong oxidants are often used as fixation chemicals. Depending on injection
chemical type, chemicals themselves may be toxic to humans upon exposure. Worker safety is
also a concern with in-situ fixation. Strong oxidants are corrosive and potentially explosive.
The potential exists for vigorous uncontrolled reactions and heat generation in the subsurface.
These types of reactions have been observed in various applications of in-situ oxidation at
DNAPL sites. The time required to achieve remedial goals can be relatively small. For
example, application of in-situ fixation at the Peters/Puritan and the Coast Wood Preserving Sites
resulted in near immediate reductions of arsenic and chromium concentrations in ground water.
It should also be noted that chemical injections may need to occur indefinitely to force arsenic to
remain sorbed to the aquifer material. In-situ fixation may prolong the problem by forcing
arsenic to sorb to aquifer material and not allowing it to naturally disperse and/or dilute.
5.6.6 Implementability
The technical feasibility of implementing is situ fixation is not limited by construction concerns.
Using push technology, as was used at the Coast Wood Preserving site, a portable rig can be
used to inject fixation chemicals into the subsurface. This would eliminate the need to
permanently occupy the neighboring active trucking facility; however, push technology would
not be compatible with the impermeable cap that is scheduled for construction over the site
because it would be necessary to puncture the cap during future chemical injections. Another
note of technical feasibility concerns the current oxidation state of arsenic in the aquifer.
Evidence has been shown suggesting that arsenic currently exists as arsenic(V), and significant
natural sorption is occurring limiting the effectiveness of in-situ fixation.
5.6.7 Cost
One time injection of fixation chemicals at the Coast Wood Preserving Site costs approximately
$101,000. It is reasonable to assume that implementation of in-situ fixation at the site considered
for this study would be similar to that of the Coast Wood Preserving Site because the impacted
areas are approximately the same size. Assuming that fixation chemicals are injected once a year
and an annual monitoring cost of $40,000, the present cost of implementing in-situ fixation at the
site is approximately $2,168,000.
5.7 Comparative Analysis of Alternatives
The purpose of this comparative analysis is to evaluate advantages and disadvantages of each
proposed remedial alternative relative to one another. Key tradeoffs can be easily identified to
aid selection of a final remedy.
5.7.1 Overall Protection of Human Health and the Environment
There is some uncertainty involved with the level of overall protection achieved by each
remedial technology. These uncertainties are better addressed in the following sections.
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Protection of human health and the environment may be accomplished by all five remedial
actions if successfully implemented; however, it would be naive to assume every technology will
be successfully implemented. Conventional pump and treat technology relies on both natural
sorption processes and gradients induced by ground-water extraction to limit the potential risk
associated with continued migration of the plume. MNA and in-situ fixation employ sorption
and retardation processes to limit arsenic migration; however only MNA will allow the plume to
dilute and disperse to reduce its concentration. Soil flushing and electrokinetics remove arsenic
from the aquifer with different types of arsenic mobilization processes, and thus the potential for
arsenic migration exists. All remedial solutions rely on institutional controls to prevent
extraction of impacted ground water.
5.7.2 Compliance with ARARs
The main regulation used to evaluate the ability of each alternative to comply with ARARs was
the GWQS of 0.008 mg/L. Although conventional pump and treat technology has the theoretical
potential to clean arsenic to ARARs, pump and treat effectiveness for sorbed chemicals has often
been unsatisfactory (Lindberg et al., 1997). MNA may not quickly result in attainment of
ARARs; however, significant evidence exists for a waiver. With overwhelming technical
reliability restrictions, soil flushing and electrokinetics do not appear to have the potential to
achieve ARARs. In-situ fixation is not expected to perform better than MNA in achieving
GWQS because arsenic at the site is currently present as arsenic(V).
5.7.3 Long Term Effectiveness and Permanence
Without considering the effects of sorption, the ability of conventional pump and treat
technology to remove arsenic from the aquifer, appears to be an effective treatment technology.
However, non-ideal conditions at the site (including sorption and rate limited mass transfer) may
limit the long term effectiveness of pump and treat technology, making remedial goals
technically impracticable to achieve. Long term effectiveness of soil flushing is limited by
aquifer heterogeneity and the potential exists to mobilize the arsenic plume, effectively
increasing the extent of arsenic impacts. Electrokinetic remediation has the potential to reduce
the effects of sorption at the site; however, long term effectiveness will not be achieved due to
implementation restrictions. Natural attenuation and in-situ fixation do not remove arsenic from
the aquifer resulting in long term exceedances of GWQS; however migration is controlled by
sorption. Natural attenuation may result in the ultimate dilution and dispersion of arsenic, while
in-situ fixation would not allow the concentration of arsenic to further attenuate by dilution and
dispersion processes.
5.7.4 Reduction of Toxicity, Mobility, or Volume
There is no remedial alternative available to reduce toxicity, mobility, and volume
simultaneously. Pump and treat remediation may reduce the mobility and volume of impacted
ground water; however, the toxicity of impacted ground water is not reduced. Electrokinetics
and soil flushing may actually increase arsenic mobility and toxicity. MNA has proven its ability
to reduce arsenic mobility and not result in an increase in the toxicity of arsenic. In-situ fixation
can potentially reduce the toxicity and mobility of arsenic; however, arsenic at the site currently
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exists in its most immobile and non-toxic form. Though in-situ fixation and natural attenuation
will not increase toxicity or mobility of arsenic in ground water, they will not reduce the volume
of impacted ground water.
5.7.5 Short Term Effectiveness
Remedial technologies that cause the greatest danger to workers and the surrounding community
are in-situ fixation, soil flushing, and electrokinetics. In-situ fixation and soil flushing create the
need to store reactive chemicals on site. Introduction of these chemicals to the aquifer may
trigger uncontrolled chemical reactions. The direct application of electricity to the aquifer during
electrokinetics presents significant dangers to workers and the surrounding community.
Uncertainty regarding complete capture of mobilized arsenic and flushing solution also raise
questions about the short term effectiveness of soil flushing. Estimation of remedial timeframes
are plagued with significant uncertainty. Pump and treat technology and soil flushing will both
require excessively long remedial timeframes (< 100 years) owing to effects of significant
sorption and aquifer heterogeneity. Application of electrokinetics at a field site in Europe
resulted in a remedial timeframe of a few months. Application of electrokinetics to this site is
hindered by significant implementability restrictions, therefore, a remedial timeframe was not
estimated. In-situ fixation approaches at other sites (Peters/Puritan and Coast Wood Preserving)
resulted in near immediate reductions in aqueous concentrations; however, multiple or
continuous injection of chemicals is necessary potentially extending remedial timeframes
indefinitely. A site-specific estimation of remedial timeframe for in-situ fixation was not
evaluated because technical practicability issues prevent successful implementation at the site.
Though MNA is not expected to reduce arsenic concentrations in ground water in a reasonable
timeframe, migration is currently prevented by strong sorption effects at the site.
5.7.6 Implementability
Significant implementability restrictions are expected with all identified remedial scenarios
except MNA. The feasibility of a pump and treat system or soil flushing system in the setting of
a glacial till aquifer where arsenic is heavily sorbed to aquifer material is not technically
practicable. Implementability of soil flushing is further impeded by an inability to construct
containment devices to prevent migration of mobile arsenic. Implementation of electrokinetics is
technically hindered by the depth of impacts and a need to place thousands of electrode wells
throughout the impacted area. Technical feasibility concerns about the current oxidation state of
arsenic in the aquifer limit the implementation of in-situ fixation at the site. Evidence has been
shown suggesting that arsenic currently exists as arsenic(V), and significant natural sorption is
occurring, limiting the potential effectiveness of in-situ fixation. Administrative feasibility also
restricts pump and treat technology, soil flushing, and electrokinetics because all require long
term access to the adjacent active trucking facility. All active technologies and in-situ fixation
may interfere with installation of an impermeable cap over the site. Implementation of MINA is
both technically and administratively feasible. Disruptions of activities at the adjacent trucking
facility would not be required and evidence has been presented proving feasibility of natural
processes at the site.
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5.7.7 Cost
The USEPA recommends using a 30 year project life and an interest rate of 5% when evaluating
costs for remedial scenarios. Though a 30 year project life was used for this analysis, it should
be noted that remedial timeframes for these scenarios are expected to be well over 30 years. The
present cost of the pump and treat remedial scenario is $23,600,000. The present cost of the soil
flushing alternative is slightly more expensive, $25,100,000. Electrokinetics is the most
expensive remedial alternative. Though a present worth analysis was not conducted for
electrokinetics, the cost is expected to be much greater than the pump and treat remedial
scenario. The present cost for yearly application of in-situ is estimated to be $2,168,000. The
least cost remedial scenario is MNA with a present cost of $615,000.
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6. Conclusions and Data Gaps
The following sub-sections present conclusions developed from the literature review,
comparative model analyses, and site-specific analysis of alternatives. The status of each
identified technology as inferred from the literature review is presented first. Technology status
is followed by a summary of findings from the comparative model. Section 6.3 describes the
recommended course of action for the site. Recommendations are made regarding future studies
and/or research that may be useful in filling data gaps.
6.1 Technology Status
Recent failures of field scale conventional pump and treat remedial systems have caused a
decline in their use for remedial designs. Rate limited mass transfer and sorption are recognized
as causes to excessively long aquifer cleanup times. Pump and treat systems are being shut
down to attempt alternate remedies (e.g. ARAR waivers at Crystal Chemical Company Site and
in-situ fixation at Coast Wood Preserving and Industri-plex Superfund Site). Current application
of pump and treat systems are limited to mobile plumes (e.g. Whitmoyer Laboratories) and
typically employ enhancement mechanisms to overcome sorption effects (e.g. soil flushing at
Vineland Chemical Company). In many cases, alternate ARARs have been negotiated because
attainment of the 50 mg/L federal drinking water standard for arsenic is technically
impracticable.
MNA is an established remedial technology and has gained regulatory acceptance for many sites
impacted with organic compounds. MNA of metals has been slower to gain regulatory
acceptance; however, natural process are documented that act to contain the spread and/or reduce
the concentration of heavy metals (Brady and Borns, 1997). Sorption, one of the main natural
attenuation mechanisms for metals, was identified as the cause for remedial failure at the Crystal
Chemical Company Site. Natural sorptive capacity of Crystal Chemical Company Site soil was
the basis for technical impracticability arguments.
Soil flushing of organic compounds and various metals has proven effective at the bench scale;
however, soil flushing of arsenic has not been successfully demonstrated at the bench scale. One
successful field scale application has been identified (Gulf Power Site); however its relevance to
the site of this study is minimal because it occurred under near ideal conditions. Field scale
implementation of soil flushing is met with regulatory skepticism because flushing agents are
often toxic and are difficult to recover. According to a USEPA status report, soil flushing has
only been completed at one site where treated ground water was used as a flushing agent for
organic chemicals. Soil flushing is used at the Vineland Chemical Site; however, results are not
currently available.
Electrokinetic remediation of arsenic in ground water has not been demonstrated at the bench or
field scale. Electrokinetics of various metals has been studied at the bench scale for the past ten
years with extreme variability in success. Remedial goals for one field scale implementation
were not met because the subsurface environment contained significant amounts of metal. This
demonstration also occurred within the upper 6 feet of soil, leaving reliability of electrokinetics
in deeper saturated zones ambiguous.
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The geochemistry of arsenic (and various other inorganic species) has been developed and
demonstrated at the bench scale. The mobility of arsenic is well understood and has led to
theoretical development of remedial scenarios relying on in-situ fixation processes. Bench scale
experiments prove highly effective for treatment of inorganic species by in-situ fixation
processes because oxidation conditions of laboratory samples can be relatively easily controlled.
Two field scale applications (Peters/Puritan Site and Coast Wood Preserving Site) of in-situ
fixation have shown immediate results; however, both are expected to show rebounds in aqueous
concentration as the aquifers return to their natural state.
In general, no standard exists for engineered technologies to mitigate arsenic impacts in ground
water. Many different technologies have been applied and few have been successful. It is
evident that significant advances in arsenic remedial technology are necessary.
6.2 Comparative Model Summary
Universal kriging was successful at producing a parabolic trend-based representation of arsenic
impacts at the site. The total mass of arsenic in solution at the site was estimated by integration
of this distribution to be 70 pounds. An analysis was conducted to re-evaluate site specific
sorption data obtained from lab tests. This analysis shows the lab data overestimate arsenic
sorption at the site. A fate and transport analysis performed with two limiting cases places
bounds on the observed retardation factor between 20 and 31. The total mass of arsenic sorbed
to aquifer material at the site can be estimated using this range of retardation factors to be
between 1400 pounds and 2200 pounds.
A particle tracking analysis was performed to evaluate potential migration pathways for arsenic
from the site. The particle flow is estimated at 42 years from the impacted area to the edge of the
model domain. This indicates an average ground-water velocity of approximately 0.25 ft/day.
Geostatistical analyses of hydraulic conductivity measurements made on and off-site indicate
spatial variability of hydraulic conductivity at a finer scale than can be modeled by the
comparative flow model developed for this study. Therefore, effective hydraulic conductivity
estimates are calculated for two separate areas, the near site area and the downgradient area.
Higher ground-water velocity is observed in the vicinity of the site because the assigned
hydraulic conductivity is lower causing an increased gradient in the site vicinity. Site specific
water level and hydraulic conductivity measurements support this observation.
The pump and treat and MNA remedial scenarios were simulated using the comparative flow and
solute transport model. The model was limited by computer memory to simulate 275 years of
solute transport. Therefore, it was not possible to simulate the site for the estimated 600 year
remedial timeframe. Pumping was simulated during a particle tracking analysis, showing it is
possible to develop capture zones large enough to cover the entire impacted area with 5 wells
pumping at a combined pumping rate of 13 gpm. It was necessary to use a relatively low flow
rate because flow rates of individual wells greater than 3 gpm caused relatively large simulated
drawdown in pumping wells. Simulation without pumping wells represents the MNA remedial
scenario. As a worst case scenario, the minimum retardation was assumed and the arsenic plume
was observed to migrate approximately 1250 ft over 275 years during the MNA remedial
scenario.
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6.3 Recommended Remedial Action
The only implementable remedial scenario at the site is MNA. Other investigated remedial
alternatives are technically impracticable and lack success at bench and field scales. The Crystal
Chemical Company Site is similar to this site in many aspects:
i. arsenic is present in ground water;
ii. both aquifers are relatively heterogeneous;
iii. a significant fine-grained fraction of aquifer material is present at both sites; and
iv. arsenic sorption limits plume migration.
Application of a pump and treat system at the Crystal Chemical Company Site illustrates the
ineffectiveness of pump and treat technology in the presence of subsurface heterogeneity and
sorbing constituents. Implementation of a pump and treat system at this site will suffer from
similar inefficiencies. Prior to implementation of ARAR waivers because of technical
impracticability reasons, remedial scenarios similar to those considered for this study were
studied for the Crystal Chemical Company Site. Regulators approved ARAR waivers because
all evaluated technologies were found to be impracticable. Multiple similarities between the
Crystal Chemical Company Site and this site support ARAR waivers and implementation of
MNA at this site.
Soil flushing is limited to sites with a relatively homogeneous subsurface and the presence of
natural confining units or the ability to construct impermeable walls around the treatment area.
This site does not meet any of these limitations, therefore implementation of soil flushing is not
recommended for this site. Electrokinetics is not recommended for implementation at this site
because a prohibitively large number of electrode wells are required and electrokinetic
technology is not advanced enough to implement at depths greater than a few meters.
Implementation of in-situ fixation is not recommended for the site because it is not technically
feasible. Site-specific data suggests that most arsenic is present in the immobile +V oxidation
state. Therefore only limited remedial gains would be expected.
MNA is a viable remedial action at the site for the following reasons:
i. natural processes are proven to prevent arsenic migration at the site;
ii. no potential receptors of impacted ground water have been identified;
iii. ground water in the site vicinity is not potable, even if completely free of arsenic;
iv. long term monitoring will be provided;
v. other remedial alternatives have failed or have not yet proven their effectiveness
at the bench or field scale; and
vi. implementation of MNA does not preclude future implementation of newly
developed technologies and/or previously described technologies if developments
leading to improved remedial effectiveness are discovered.
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6.4 Data Gaps
The model constructed for this project is not calibrated to actual site conditions making reliable
predictions about arsenic migration unlikely. Therefore, it is recommended that a calibrated
computer simulation of fate and transport behavior be developed for the site. This model may be
used to predict probable migration pathways and aeral extent of arsenic impacts in the future.
This type of analysis is usually required to gain regulatory acceptance of a MNA remedy. It is
also recommended that the comparative ground-water flow and solute transport model be run on
a computer with enough memory to simulate over 600 years of solute transport (six hundred
years is the analytical estimate for remedial timeframe under the pump and treat remedial
scenario).
A low risk was assumed for this study because it is known that potential receptors and migration
pathways are limited. This is only a qualitative assessment of potential risk associated with the
site. A formal risk assessment may identify a potential risk that was not considered in this study.
If the site does pose a greater threat than assumed in this analysis, a more active remedial
approach may be required. The only other remedial scenario that can reduce potential risk
further than the MNA without also increasing the potential risk is hydraulic containment.
However, if the potential risk is low, hydraulic containment of the arsenic plume appears to be
too active an approach because minimal risk would be avoided for the high cost of pumping and
treating ground water for over 600 years. Therefore, a formal risk assessment should be
performed to verify the low risk assumed in this analysis. A formal quantification of potential
risk posed by this site will also help regulators evaluate the recommended remedial action.
Three offsite downgradient monitoring wells have been installed that define an ultimate
downgradient boundary to horizontal impacts (< 600 ft downgradient). Ground-water samples
collected from temporary monitoring points confirmed existence of downgradient arsenic
impacts between 100 ft and 400 ft. Currently, only one permanent monitoring well exists in the
vicinity of the area that contains the highest arsenic impacts. Therefore it is recommended to
increase the permanent monitoring well network. Several monitoring wells should be installed to
the east and southeast of the site between downgradient distances of 100 ft and 600 ft. The use
of flush mount wells is recommended to minimize the inconvenience placed on the trucking
facility located on the adjacent property. It is likely that these monitoring locations will be
required by regulatory agencies for approval of a MNA remedial plan at the site.
It is also recommended to monitor the progress of ongoing remediation projects. Results
concerning effectiveness of recently constructed remedial systems will provide a measure of
MNA performance at this site when compared with more active remedial approaches. Results of
rebound studies conducted at the Peters/Puritan and Coast Wood Preserving Sites may also be
interesting to reevaluate in-situ fixation as a remedial alternative at the site.
Innovative technologies are constantly evolving and new technologies are often developed. For
example, less than ten years ago electrical fields were not known to aid in environmental
remediation. Therefore it is recommended to perform annual reviews of technical journals and
websites such as GWRTAC and CLU-IN to remain updated about the status of existing
technologies and the development of new technologies.
82
7. References
Acar, Y. B., A. N. Alshawabkeh, 1996. Electrokinetic Remediation I: Pilot-Scale Tests with
Lead-Spiked Kaolinite. Journal of Geotechnical Engineering, 122(3), 173-185. March
1996.
Alshawabkeh, A. N., Y. B. Acar, 1996. Electrokinetic Remediation II: Theoretical Model.
Journal of Geotechnical Engineering, 122(3), 186-196. March 1996.
Augustijn, D. C. M., R. E. Jessup, P. Suresh, C. Rao, A. L. Wood, 1994. Remediation of
Contaminated Soils by Solvent Flushing. Journal of Environmental Engineering, 120(1),
42-57. January/February 1994.
Bajpai, S., Chaudhuri, M., 1999. Removal of Arsenic from Ground Water by Manganese
Dioxide-Coated Sand. Journal of Environmental Engineering, 125(8), 782-784. August
1999.
Bares, R. L., J. A. Jackson. 1984. Dictionary of Geologic Terms. Anchor Books, Doubleday.
New York.
BBL, 1996. Construction of Conceptual Ground-Water Flow Model and Regional First-
Order Ground-Water Flow Model. September 1996.
BBL, 1997a. Results of the Regional First-Order Ground-Water Flow Model. April
1997.
BBL, 1997b. Results of the Area of Interest Ground-Water Flow Model Near-Field
Calibration. July 1997.
BBL, 1999a. Technical Memorandum Results of Area of Interest Ground-Water Flow
Model Off-Site Calibration. January 1999.
BBL, 1999b. Piezometer Ground-Water Sampling and Analyses. June 1999.
BBL, 1999c. Second Semi-Annual Ground-Water Monitoring Event for 1999.
November 1999.
BCM, 1990. Final Report of Soils Cleanup. March 1990.
BCM, 1991. Soils Remediation Program. December 1991.
BCM, 1992. Groundwater Remediation Program For "The Site." May 1992.
Brady, P. V., D. J. Borns, 1997. Natural Attenuation of Metals and Radionuclides. Report from
a Workship held by Sandia National Laboratories at the Crowne Plaza Hotel in
Albuquerque, New Mexico, June 18-20, 1997.
83
Brogan, S. D., Gailey, R. M., 1995. A Method for Estimating Field-Scale Mass Transfer Rate
Parameters and Assessing Aquifer Cleanup Times. Ground Water, 33(6), 997-109.
November-December 1995.
Brusseau, M. L., 1996. Evaluation of Simple Methods for Estimating Contaminant Removal by
Flushing. Ground Water, 34(1), 19-22. January-February 1996.
Cabrera-Guzman, D., J. T. Swartzbaugh, A. W. Weisman, 1990. The Use of Electrokinetics for
Hazardous Waste Site Remediation. Jounral of the Air and Waste Management
Association, 40, 1670-1676. December 1990.
Chen, S., M. M. Frey, D. Clifford, L. S. McNeill, M. Edwards, 1999. Arsenic Treatment
Considerations. Journal of the American Water Works Association, 91(3), 74-85. March
1999.
Cherry, J. A., A. U. Shaikh, D. E. Tallman, R. V. Nicholson, 1979. Arsenic Species as an
Indicator of Redox Conditions in Groundwater. Journal of Hydrology, 43, 373-392.
Chilingar, G. V., et al., 1997. Electrobioremediation of Soils. Energy Sources, 19(2), 129-146.
February-March 1997.
Chou, S., R. O'Connor, W. J. Brattin, 1993. Toxicological Profile for Arsenic, TP-92/02. U.S.
Department of Health & Human Services.
Coletta, T. F., C. J. Bruell, D. K. Ryan, H. I. Inyang. 1997. Cation-Enhanced Removal of Lead
from Kaolinite by Electrokinetics. Journal of Environmental Engineering, 123(12), 1227-
1233. December 1997.
Davis, A., R. L. Olsen, 1995. The Geochemistry of Chromium Migration and Remediation in the
Subsurface. Ground Water, 33(5), 759-768. September-October 1995.
Deutsch, C. V., Journel, A. G., 1998. GSLIB: Geostatistical Software Library and User's Guide,
Second Edition. Oxford University Press, New York.
Deutsch, W.J., 1997. Groundwater Geochemistry: Fundamentals and Applications to
Contamination. Lewis Publishers, New York.
Domenico, P.A., F.W. Schwartz, 1990. Physical and Chemical Hydrogeology. John
Wiley & Sons. New York.
Duhlmeier, P.D., 1997. Partitioning of Arsenic Species in Fine-Grained Soils. Journal of
the Air & Waste Management Association, 47, 481-490.
Environmental Security Technology Certification Program, 1999. Technology Status Review In
Situ Oxidation. November 1999.
84
Evanko, C.E., Dzombak, D.A., 1997. Remediation of Metals-Contaminated Soils and
Groundwater, Technology Evaluation Report, TE-97-01. Ground-Water
Remediation Technologies Analysis Center. October 1997.
Freeze, R.A., J. A. Cherry, 1979. Groundwater. Prentice-Hall, Inc., Englewood Cliffs, New
Jersey.
Gabr, M. A., J. Wang, J. J. Bowders, 1996. Model for Efficiency of Soil Flushing Using PVD-
Enhanced System. Journal of Geotechnical Engineering, 122(11), 914-920. November
1996.
Garcia-Delgado, R., J. M. Rodrigues-Maroto, C. Gomez-Lahoz, C. Vereda-Alonso, 1998. Soil
Flushing with EDTA Solutions: A Model for Channeled Flow. Separation Science and
Technology, 33(6), 867-886.
Gelhar, L. W., 1993. Stochastic Subsurface Hydrology. Prentice Hall, New York.
Gelhar, L. W., C. Welty, K. R. Rehfeldt, 1992. A Critical Review of Data on Field-Scale
Dispersion in Aquifers. Water Resources Research, 28(7), 1955-1974. July 1992.
Goyer, R. A., 1999. Arsenic in Drinking Water. National Academy Press, Washington D.C.
Ghosh, Rajat S., D. A. Dzombak, R. G. Luthy, J. R. Smith, 1999. In Situ Treatment of Cyanide-
Contaminated Groundwater by Iron Cyanide Precipitation. Water Environment
Research, 71, 1217-1228. September/October 1999.
Ghurye, G. L., D. A. Clifford, A. R. Tripp, 1999. Combined Arsenic and Nitrate Removal by Ion
Exchange. Journal of the American Water Works Association, 91(10), 85-96. October
1999.
Ji, W., M. L. Brusseau, 1998. A General Mathematical Model for Chemical-Enhanced Flushing
of Soil Contaminated by Organic Compounds. Water Resources Research, 34(7), 1635-
1648.
Haran, B. S., B. N. Popov, G. Zheng, R. E. White, 1997. Mathematical Modeling of Hexavalent
Chromium Decontamination from Low Surface Charged Soils. Journal of Hazardous
Materials, 55, 93-107.
Higgins, T. E., A. R. Halloran, J. C. Petura, 1997. Traditional and Innovative Treatment
Methods for Cr(VI) in Soil. Journal of Soil Contamination, 6(6), 767-797.
Hoffman, F., 1993. Ground-Water Remediation Using "Smart Pump and Treat." Ground Water,
31(1), 98-106. January-February 1993.
Krishnan, E. R., R. W. Utrecht, A. N. Patkar, J. S. Davis, S. G. Pour, M. E. Foerst, 1993.
85
Recovery of Metals from Sludges and Wastewaters. Noyes Data Corporation, Parkridge,
New Jersey.
Kuhlmeier, P. D., S. P. Sherwood, 1996. Treatability of Inorganic Arsenic and Organoarsenicals
in Groundwater. Water Environment Research, 68(5), 946-95 1. July/August 1996.
Li, Z., J. Yu, I. Neretnieks, 1997. Removal of Pb(II), Cd(II) and Cr(III) from Sand by
Electromigration. Journal of Hazardous Materials, 55, 295-304.
Lindberg, J., J. Sterneland, P. 0. Johansson, J. P. Gustafsson, 1997. Spodic Material for In Situ
Treatment of Arsenic in Ground Water. Ground Water Monitoring and Remediation, Fall
1997, 125-130.
Manju, G. N., C. Raji, T. S. Anirudhan, 1998. Evaluation of Coconut Husk Carbon for Removal
of Arsenic from Water. Water Resources, 32(10), 3062-3070.
Mann, M. J., 1993. Innovative Site Remediation Technology: Soil Flushing/Soil Flushing.
Springer-Verlag, New York.
Masscheleyn, P. H., R. D. Delaune, W. H. Jatrick, Jr., 1991. Effect of Redox Potential and Ph on
Arsenic Speciation and Solubility in a Contaminated Soil. Environmental Science and
Technology, 25(8), 1414-1419.
Manning, B. A., R. G. Burau, 1995. Selenium Immobilization in Evaporation Pond Sediments by
In Situ Precipitation of Ferric Oxyhydroxide. Environmental Science and Technology,
29(10), 2639-2646.
McDonald, M. G., and A. W. Harbaugh, 1988. A Modular Three-Dimensional Finite
Difference Ground-Water Flow Model: Techniques of Water-Resources
Investigations of the United States Geological Survey. Book6.
Nriagu, J.O., 1994. Arsenic in the Environment Part I: Cycling and Characterization.
John Wiley & Sons, Inc., New York.
Park, J., M. W. O'Neill, J. M. Symons, 1998. Laboratory Study of Soil Flushing By Aqueous
Solutions. Journal of Geotechnical and Geoenvironmental Engineering, 124(10), 989-
996. October 1998.
Peryea, F. J., T. L. Creger, 1994. Vertical Distribution of Lead and Arsenic in Soils
Contaminated with Lead Arsenate Pesticide Residues. Water, Air and Soil Pollution, 78,
297-306.
Peters, R. W., 1999. Chelant Extraction of Heavy Metals from Contaminated Soils. Journal of
Hazardous Materials, 66, 151-210.
Pollock, D. W., 1989. Documentation of Computer Programs to Compute and Display
86
Pathlines Using Results from the U.S. Geological Survey Modular Three-
Dimensional Finite-Difference Ground-Water Flow Model. U.S. Geological
Survey Open-File Report 89-381.
Puppala, S. K., A. N. Alshawabkeh, Y. B. Acar, R. J. Gale, M. Brica, 1997. Enhanced
Electrokinetic emediation of High Sorption Capacity Soil. Journal of Hazardous
Materials, 55, 203-220.
Reddy, K. R., U. S. Parupudi, S. N. Devulapalli, C. Y. Xu, 1997. Effects of Soil Composition on
the Removal of Chromium by Electrokinetics. Journal of Hazardous Materials, 55, 135-
158.
Reddy, K. R., M. Donahue, R. E. Saichek, R. Sasaoka, 1999. Preliminary Assessment of
Electrokinetic Remediation of Soil and Sludge Contaminated with Mixed Waste. Journal
of the Air and Waste Management Association, 49, 823-830. July 1999.
Reed, B. E., M. T. Berg, J. C. Thompson, J. H. Hatfield, 1995. Chemical Conditioning of
Electrode Reservoirs During Electrokinetic Soil Flushing of Pb-Contaminated Silt Loam.
Journal of Environmental Engineering, 121(11), 805-815. November 1995.
Reed, B. E., P. C. Carriere, J. C. Thompson, J. H. Hatfield, 1996. Electronic (EK) Remediation
of a Soil at Several Pb Concentrations and Applied Voltages. Journal of Soil
Contamination, 5(2), 95-120.
Roote, D. S., 1998. Technology Status Report In Situ Flushing. TS-98-01. Ground-Water
Remediation Technologies Analysis Center. November 1998.
Schultz, D. S., 1997. Electroosmosis Technology for Soil Remediation: Laboratory Results,
Field Trial, and Economic Modeling. Journal of Hazardous Materials, 55, 81-91.
Schwartz, D. T., M. F. Buehler, D. X. Christiansen, E. J. Davis, 1997. In-Situ Monioring of
Electrochemical Transport Processes in Hanford Grout Vault Soil. Journal of Hazardous
Materials, 55, 23-37.
Spitz, K., Moreno, J., 1996. A Practical Guide to Groundwater and Solute Transport Modeling.
John Wiley & Sons, Inc., New York.
Stout, Ph.D., P.G., P.M., 1999. Personal Communication Regarding Geochemistry.
January 5, 1999.
Stumm, W., J. J. Morgan, 1996. Aquatic Chemistry: Chemical Equilibria and Rates in Natural
Waters, 3 rd Edition. John Wiley & Sons, Inc., New York.
Sturges, S. G., P. McBeth, R. C. Pratt, 1992. Performance of Soil Flushing and Groundwater
Extraction at the United Chrome Superfund Site. Journal of Hazardous Materials, 29, 59-
78.
87
Tokunaga, S., S. Yokoyama, A. A. Wasay, 1999. Removal of Arsenic(III) and Arsenic(V) Ions
from Aqueous Solutions with Lanthanum(I) Salt and Comparison with Aluminum(III),
Calcium(II), and Iron(III) Salts. Water Environment Research, 71(3), 299-305. May/June
1999.
Torrens, K. D., 1999. Evaluating Arsenic Removal Technologies. Pollution Engineering, 25-28.
July 1999.
USEPA, 1996. A Citizen's Guide to In Situ Soil Flushing. EPA 542-F-96-006. April 1996.
USEPA, 1996. A Citizen's Guide to Natural Attenuation. EPA 542-F-96-015. October 1996.
USEPA, 1997. Technology Alternatives for the Remediation of Soils Contaminated
with As, Cd, Cr, Hg, and Pb. EPA/540/S-97/500. Cincinnati, Office of Research
and Development. August, 1997.
USEPA, 1998. Field Applications of In Situ Remediation Technologies: Chemical Oxidation.
EPA 542-R-98-008. September 1998.
USEPA, 1999. Arsenic in Drinking Water: Treatment Technologies for Arsenic Decision Tree,
Variances and Exemptions. Office of Ground Water and Drinking Water. June 1999.
VanDuren, J., Z. Wang, J. Ledbetter, 1997. Remediation Technologies Screening Matrix and
Reference Guide, 3 rd Edition. Federal Remediation Technologies Roundtable. October
1997.
Vane, L. M., G. M. Zang, 1997. Effect of Aquesous Phase Properties on Clay Particls Zeta-
potential and Electro-osmotic Permeability: Implications for Electro-kinetic Soil
Remediation Processes. Journal of Hazardous Materials, 55, 1-22.
Waypa, J. J., M. Elimelech, J. G. Hering, 1997. Arsenic Removal by RO and NF Membranes.
Journal of the American Water Works Association, 89(10), 102-114. October 1999.
Wong, J. S. H., R. E. Hicks, R. F. Probstein, 1997. EDTA-Enhanced Electroremediation of
Metal-Contaminated Soils. Journal of Hazardous Materials, 55, 61-79.
Yang, G. C. C., S. Lin, 1998. Removal of Lead from a Silt Loam Soil by Electrokinetic
Remediation. Journal of Hazardous Materials, 58, 285-299.
Yeung, A. T., C. Hsu, Menon, R. M., 1996. EDTA-Enhanced Electrokinetic Extraction of Lead.
Journal of Geotechnical Engineering, 122(8), 666-673. August 1996.
Zheng, C., 1990, MT3D: A modular three-dimensional transport model for simulation of
advection, dispersion and chemical reactions of contaminants in ground-water systems,
U.S. EPA, R.S. Kerr Environmental Research Laboratory, Ada, Oklahoma.
88
